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ABSTRACT
Currently, most Departments of Transportation, including the NHDOT, use borehole
infiltration testing to characterize the hydraulic conductivity of soils for the design of stormwater
Best Management Practices (BMP’s). The test essentially replicates the laboratory constant or
falling head experiment except that it is conducted in a borehole. These field measurements are
then used to estimate hydraulic conductivity using methods published in the 1950s by Hvorslev
which lack rigorous analysis and depend on numerous assumptions. Tests are also time
consuming and their punctual nature requires testing at several locations and depths to obtain
reliable values of permeability.
A proposed solution is a tool called a Permeafor, an instrument originally developed in
France to measure relative permeability in situ. The instrument consists of an approximately 2.5
foot long, 2 inch diameter cylindrical probe that is driven into the ground and stopped at specific
depths while water is injected through a 2 inch long recessed perforated section. During use, the
relationship between flow and hydraulic head is measured and expressed as a ratio. This ratio can
be correlated to hydraulic conductivity using a theoretical shape factor based on the test
configuration. Thus far, the comparison of Permeafor results in New Hampshire to commonly
accepted laboratory and in situ permeability test methods has shown that the instrument has
excellent potential to rapidly and more accurately assess the permeability of granular soils. In
addition, a combination of driving resistance and soil permeability has shown that the Permeafor
may also be useful in delineating stratigraphic details.

xiii

CHAPTER 1

1. INTRODUCTION
Hydraulic conductivity describes the ease at which water flows through soil and is an
important soil property in geotechnical and geo-environmental issues. Often referred to as
permeability, it is used in a variety of problems, such as contaminant fate and transport,
groundwater flow, water infiltration rates, drainage, flow through dams, etc. Furthermore, the
need to understand the in situ hydraulic conductivity of a soil is expected to become even more
critical as federal and state authorities enforce new environmental regulations that require more
control and consideration of the water which infiltrates into the subsurface. In New Hampshire
and other states, information about permeability is essential in the design of new stormwater best
management practices (BMP’s).
In spite of the number of in situ and laboratory methods currently available to determine
hydraulic conductivity, it still remains a difficult parameter to obtain accurately and
economically. Laboratory tests typically provide results that are subject to sample disturbance,
especially in granular materials, and only represent a small segment of the site. Grain size
analyses of field samples can also be used in various empirical relationships to determine
hydraulic conductivity, however they are approximate because of their general nature. In situ
tests such as the piezocone penetration test (CPTU) or field pumping test estimate hydraulic
conductivities without the need to retrieve a sample, however, the method of relating test
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measurements to hydraulic conductivity is commonly subject to empirical or semi-empirical
relationships coupled with test assumptions or large-scale averaging.
A common in situ test, the borehole infiltration test, consists of measuring the rate at
which water flows out of a borehole and into the soil under a certain hydraulic head. The
boreholes are typically cased to the test depth where a filter pocket is created to facilitate flow
into the soil formation. The test provides permeability information at specific depths of interest.
These tests are often used in the design of BMPs, however, the tests are time consuming, and due
to its small test zone, several locations and depths must be tested to produce an accurate profile
of hydraulic conductivity for a site. In addition, the analysis methods used to relate data acquired
during a borehole infiltration test to hydraulic conductivity were developed in the 1950s and are
based on several simplifying assumptions. Due to the time constraints and the difficulties in
evaluating reliable hydraulic conductivities for the design of BMPs, the University of New
Hampshire has partnered with the New Hampshire Department of Transportation to develop a
method that is more efficient and reliable than the current borehole infiltration test.
The proposed solution is to use the Permeafor, an instrument originally developed in
Strasbourg, France in the early 1980s to estimate horizontal hydraulic conductivity in situ. The
test uses a cylindrical probe equipped with a screened section that is driven into the ground. As
the probe advances into the soil, water is continuously injected through the screened section and
into the soil. The penetration is then stopped at specific depths where a constant pressure head is
applied and changes in flow are observed. The pressure and flow rate of the water is measured
and regulated using a mobile support system located at the surface. The relation between applied
hydraulic head and resulting flow is a parameter that has been used in France to evaluate relative
changes in the permeability characteristics of soils. The test is designed to observe these
2

parameters for only 10 seconds before resuming penetration. By observing the response of
effective head and flow for longer than 10 seconds, it may be possible to assess hydraulic
conductivity using more rigorous analytical methods.
The work discussed in this thesis assesses the ability of the Permeafor to evaluate
hydraulic conductivity, in situ, for use by the New Hampshire Department of Transportation to
aid in the design of BMPs. The following objectives are described in support of this research:
1.

Review available Permeafor probe and support system drawings and specifications, adapt

design features to be compatible with NHDOT equipment and operations, and fabricate a
prototype. Upon use of this prototype in the field, recommend and implement any needed design
modifications.
2.

Review test procedures and analysis methods previously used to measure hydraulic

conductivity with the Permeafor and add to or modify these as needed.
3.

Conduct field testing of the Permeafor and compare its performance to existing in situ

and laboratory test methods.
4.

Review existing methods used to convert field data to the Design Infiltration Rate needed

for BMP design and recommend modifications to these methods if needed.
5.

Provide a Permeafor device and operating procedure suitable for implementation on

NHDOT projects.
It is hoped that improvements in the Permeafor tool and testing procedures will allow for the
determination of hydraulic conductivity more accurately and expeditiously than the current
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methods available to geotechnical and geo-environmental professionals as well as to state and
federal agencies.
This thesis consists of 6 chapters that cover the following topics. Chapter 2 of this thesis
includes information on hydraulic conductivity, standard methods of measuring hydraulic
conductivity, and a background of the Permeafor and previous test results. Chapter 3 includes
technical information and calibrations regarding the Permeafor system built at UNH as well as
information on reduction and analysis of Permeafor test data. Site characterizations of the
locations investigated in this thesis are provided in Chapter 4. An analysis of Permeafor
measurements, estimates of hydraulic conductivity in comparison to site characterization
information, and an investigation of the repeatability of the tool are included in Chapter 5.
Finally, Chapter 6 includes conclusions as well as recommendations for future work based on the
work completed to-date.
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CHAPTER 2

2. LITERATURE REVIEW

2.1. Introduction
Hydraulic conductivity, expressed in length per time, defines how long it takes a fluid to
travel a certain distance through a porous medium under certain geologic and hydraulic
conditions. In geotechnical engineering, that material is typically soil or rock, though it is also
commonly used to characterize manufactured materials such as synthetics. Hydraulic
conductivity is often referenced to as permeability or coefficient of permeability in the field of
geotechnical engineering. Both terms will be used interchangeably throughout this thesis.
Hydraulic conductivity can vary significantly from one geologic medium to another. The
value is a function of numerous factors, including grain size, grain size distribution, degree of
saturation, relative density, hydraulic head, and temperature. In general, the permeability of soils
decreases with decreasing particle size as a result of decreasing void space. For example, clays
are significantly less permeable than granular soils such as sand and gravel. However, selecting a
unique value for a soil type is normally not reliable as typical values for a given soil can range
over several orders of magnitude based on the factors previously noted. Therefore, if the
parameter is to be used for design, it must be experimentally measured to obtain a more
representative value. Though given all of the variables that can have an effect on permeability as
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well as the unpredictable nature of soil, hydraulic conductivity remains a parameter difficult to
measure accurately, representatively, and consistently.
Several methods exist to measure hydraulic conductivity in the laboratory and in situ.
Laboratory testing generally involves using reconstituted specimens, especially for granular
materials. On the other hand, field methods are often difficult to implement, time consuming, and
highly dependent on test conditions and procedures. Furthermore, with the wide variety of soils
that may be present on one site, it can be difficult to choose a single testing method and arrive at
reliable and representative values. This chapter will discuss the fundamentals of fluid flow
through soil and the associated property of hydraulic conductivity, as these are the basis of any
test method.
2.2. Fundamentals of Hydraulic Conductivity
The fundamentals of hydraulic conductivity were established experimentally in 1856 by
Henry Darcy while carrying out flow experiments in clean filter sands. His results showed that
the hydraulic gradient was linearly proportional to discharge velocity. The hydraulic gradient is
defined as head loss per unit length of flow through permeable media. Darcy determined that the
velocity of water discharged from a porous material could be related to the hydraulic gradient by
using a constant known as hydraulic conductivity as shown in equation 2.2.1 (Holtz et al., 2011).
𝑣 = 𝑘𝑖
where:

(2.2.1)
v = discharge velocity (cm/sec)
k = hydraulic conductivity (cm/sec)
i = h/l = (h1 – h2)/l = hydraulic gradient (cm/cm)
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This relationship applies to laminar flows only, a condition generally met for flow through
porous mediums such as soils. A more measurable form is found by relating discharge velocity
to flow and flow area using equation 2.2.2.
𝑄 = 𝑣𝐴 = 𝑘𝑖𝐴
where:

(2.2.2)
Q = flow at any point in system (cm3/sec)
i = hydraulic gradient (cm/cm)
A = permeable area perpendicular to flow at any point in the system (cm2)

This equation is the key relationship representing flow and hydraulic conductivity in
geotechnical engineering. In its simplest form, hydraulic conductivity can be described by
rearranging equation 2.2.2 to find equation 2.2.3.
𝐾=

𝑄
𝑖𝐴

where:

(2.2.3)
Q = flow rate of fluid (cm3/sec)
i = hydraulic gradient (cm/cm)
A = area perpendicular to flow (cm2)
Fluid flow occurs as a result of a difference in energy from one point to another, flowing

from high to low energy. This flow can occur in three different states; laminar, transitionary, or
turbulent. Laminar flow means that the liquid is flowing in thin sheets that are parallel to each
other and each layer is independent without any mixing. Turbulent flow exists when velocity
fluctuations of the layers cause them to mix, generating more resistance to flow. Finally, the
transitionary state describes the zone between laminar and turbulent flow where some sheets are
still parallel to each other while others are mixing. The most significant difference between these
7

states is the amount of energy lost due to the interaction between fluid layers, where the least
amount is lost during laminar flow and the most during turbulent flow (Holtz et al., 2011).
While the hydraulic conductivity of a media with respect to any fluid can be determined,
water is generally the fluid used in geotechnical applications. An important unique property of
water is that it is incompressible. The law of conservation of mass requires that the mass of a
fluid flowing from one location to another will not change. If that fluid is incompressible then its
volume will also not change between two points. By applying that principle to water, equation
2.2.4 can be used to describe continuity where the flow at any point will be equal and related to
its velocity and flow area at that point.
𝑄 =𝑄 =𝑣 𝐴 =𝑣 𝐴
where:

(2.2.4)

𝑣 = flow velocity (cm/sec)
A = area perpendicular to flow (cm2)

Another fundamental property used to define liquid flow is the law of conservation of energy.
This can be applied to any mass by using Newton’s second law of motion as shown in equation
2.2.5.
𝐹 = 𝑚𝑎
where:

(2.2.5)
F = force applied to object (N)
m = mass of object (g)
a = acceleration of object (cm/sec2)

This can then be used to understand how water flows when forces are applied by inspection of a
single fluid particle travelling within a flow. Figure 2.2.1 shows a fluid particle propelled by the
8

forces of pressure and gravity. By applying equation 2.2.5, the movement of the particle between
two points can be determined in terms of the particle mass as defined in equation 2.2.6. The
particle of flow, of dimensions dx, dy, and dz, is travelling from point 1 to point 2 at velocity, V.
The length of flow along the streamline is equal to Δs. Pressures are applied to either end of the
flow and the difference in height between the ends, Δz, adds an additional force of gravity.
+𝐹

𝐹

=𝑚

𝑎

(2.2.6)

Figure 2.2.1: Analysis of Single Particle Within Flow (Damani and Chopde, 2015)

Substituting for known values of forces and particle mass, for an infinitely small flow length of
Δs, equation 2.2.6 becomes equation 2.2.7.
−

𝜕𝑧
𝜕𝑝
−𝛾
= 𝜌𝑎
𝜕𝑙
𝜕𝑙

where:

(2.2.7)

p = pressure (N/cm2)
L = length of flow (cm)
Z = elevation drop over L (cm)
γ = unit weight of fluid (N/cm3)
ρ = density of water particle (g/cm3)
9

Since water is incompressible, the density of the flow can be assumed to be constant and Euler’s
equation for incompressible flow can be used to describe the movement of the particle of flow as
shown in equation 2.2.8.
−

𝜕
(𝑝 + 𝛾𝑧) = 𝜌𝑎
𝜕𝑙

(2.2.8)

For a constant flow length, equations 2.2.4 and 2.2.8 can be combined to derive what is known as
Bernoulli’s equation as shown in equation 2.2.9. Considering conservation of energy, it can be
seen that at any point along a closed streamline the total pressure energy cannot change, but as
conditions change the amount of energy attributed to pressure, gravity, and velocity will change.

𝑝 + 𝛾𝑧 + 𝜌
where:

𝑣
2

=𝐶

(2.2.9)

p = pressure (N/cm2)
γ = unit weight of water (N/cm3)
z = height from arbitrary datum (cm)
ρ = density of water (g/cm3)
𝑣 = flow velocity (cm/sec)
C = pressure constant along streamline (N/cm2)

This equation can also be written in terms of head by dividing all terms by the unit weight of
water as shown in equation 2.2.10.
𝑝
𝑣
+𝑧+
=𝐶
𝛾
2𝑔
where:

(2.2.10)

g = acceleration due to gravity (cm/sec2)
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C = head constant along streamline (cm)
This form of the expression is more common in engineering applications (Elger et al., 2016).
Since head is constant along a streamline equation 2.2.10 may represent two points of equivalent
total head. Equation 2.2.11 can then be written as the one dimensional flow equation. Common
sources and sinks of head, such as a pump and friction losses, respectively, are typically added
into this form. A pump will increase head at a single location while head losses occur throughout
all processes and can be represented by a single value of accumulated losses between points 1
and 2.
𝑉
𝑝
𝑉
𝑝
+𝑧 +
+ℎ = +𝑧 +
+ℎ
𝛾
2𝑔
𝛾
2𝑔
where:

(2.2.11)

hp = head added by pump (cm)
hl = head lost by friction (cm)

The total head at point 2, given the pressure, elevation potential, and velocity at point 1 can be
found using equation 2.2.12.
𝑉
𝑝
+𝑧+
+ℎ −ℎ =ℎ
2𝑔
𝛾

(2.2.12)

2.2.1. Cavity Flow
As with flow through soils, flow out of a cavity into soil follows Darcy’s law shown
previously in equation 2.2.3. For cavity flow in an infinite space, the distribution of hydraulic
head around the flow area must be represented within a finite area. Figure 2.2.2 shows
equipotential lines for cylindrical cavities of different length to diameter ratios. The shape of
these lines is dependent on the geometry of the permeable surfaces of the cavity and the
surrounding porous media. For a cylindrical cavity the equipotential lines elongate as the ratio of
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length to diameter (L/D) increases. For L/D greater than five the flow area can be represented by
an ellipse while for L/D of one, the flow is more circular in shape. These flow areas can be
represented by a shape factor. Equation 2.2.13 shows a shape factor C that can be used in
Darcy’s law to describe the flow into or out of the cavity. As shown in this equation, the shape
factor is a function of the area of the cavity as well as l, the distance of flow through soil in
which a certain amount of head loss occurs.
𝑄 = 𝑘𝑖𝐴 = 𝑘

𝐻
𝐴
𝐴 = 𝑘𝐻
= 𝑘𝐻𝐶
𝑙
𝑙

(2.2.13)

Figure 2.2.2: Equipotential Lines of a Cylindrical Cavity Given Different L/D Ratios (Rat et al., 1968)

Therefore, the resulting flow is dependent on the geometry of the injection zone. Several exact
and modified solutions have been developed to represent flow out of a cylindrical cavity.
Analytical, experimental, and numerical solutions or estimations of this shape factor exist, with
agreement between methods sometimes varying significantly (Chapuis, 1989; Silvestri et al.,
2013). Depending on the assumptions, each analytical solution may also vary although they are
all developed using the same basic Laplace equation for flow in an infinite medium as shown in
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equation 2.2.14. The Laplace equation is essential in considering the flow and hydraulic gradient
as it defines the location and magnitude of equipotential lines, or lines of equal total head.

∆ℎ =

𝜕 ℎ 𝜕 ℎ 𝜕 ℎ
+
+
=0
𝜕𝑥
𝜕𝑦
𝜕𝑧

where:

(2.2.14)

∆ℎ = difference in head between two points (cm)
ℎ = total head (cm)
x, y, and z = cartesian coordinates of system (cm)

The flow surrounding the cavity is axisymmetric, meaning all equipotential lines have the same
geometric shape around the circumference. Due to this similarity orthogonal curvilinear
coordinates u, v, and w relating to the Cartesian coordinates x, y, and z can be used instead. The
system is shown in Figure 2.2.3.

Figure 2.2.3: Cartesian and Curvilinear Coordinate Systems (Brannon, 2004)

Coordinate u is constant along a curvilinear line as it corresponds directly to the equipotential
line. Using these coordinates the original Laplace equation can be simplified to equation 2.2.15.
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∆ℎ =

𝜕 𝑒 𝑒
𝜕𝑢 𝑒

𝜕ℎ
𝜕𝑢

=0

(2.2.15)

Where eu, ev, and ew are local length units relating to the Cartesian and curvilinear coordinates in
Figure 2.2.3 and defined by the following equations:

𝑒 =

𝜕𝑥
𝜕𝑢

+

𝜕𝑦
𝜕𝑢

+

𝜕𝑧
𝜕𝑢

(2.2.16)

𝑒 =

𝜕𝑥
𝜕𝑣

+

𝜕𝑦
𝜕𝑣

+

𝜕𝑧
𝜕𝑣

(2.2.17)

𝑒 =

𝜕𝑥
𝜕𝑤

+

𝜕𝑦
𝜕𝑤

+

𝜕𝑧
𝜕𝑤

(2.2.18)

Integrating the simplified Laplace equation results in equations 2.2.19 and 2.2.20.
𝜕ℎ
𝑒
= 𝐴(𝑣, 𝑤)
𝜕𝑢
𝑒 𝑒
𝐴(𝑣, 𝑤) =

ℎ −ℎ
𝑒
𝑑𝑢
𝑒 𝑒

(2.2.19)

(2.2.20)

h1 and h0 are the head levels at the equipotential lines corresponding to u1 and u0, respectively.
Where h1 is the applied head at the cavity and h0 is the head at u = ∞ where it is zero, meaning
the difference is the applied head, H. As this solution is the definition of the equipotential surface
its area can be related to flow using equation 2.2.21.
𝑄=𝑘

𝐴(𝑣, 𝑤)𝑑𝑣𝑑𝑤

(2.2.21)

By assuming the shape of the cavity to be an ellipse or sphere this equation can be solved and
simplified until the shape factor can be identified by separating the coefficients from hydraulic
conductivity and applied head, replicating the form of equation 2.2.13 (Cassan, 1980; Silvestri et
al., 2012).
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The most common shape factors were originally published by Hvorslev (1951) and
approximate the cylindrical cavity as either an ellipse or a sphere. This approximation allows the
model to simulate the shape of the equipotential lines in the system. A cylindrical cavity with an
L/D of 1.2 or greater can be approximated as an ellipse. If the focal length of the approximated
shape is assumed to be the length of the actual cylinder, shown in Figure 2.2.4(a), a shape factor
normalized by the cylinder diameter can be determined using equation 2.2.22. If the overall
length of the ellipse major axis is instead assumed to be the same, Figure 2.2.4(b), the
normalized shape factor can be determined using equation 2.2.23. As L/D increases, the two
shape factors in equations 2.2.22 and 2.2.23 converge as shown in equation 2.2.24. For L/D of 10
or greater, Cassan (1980) suggests using equation 2.2.25.

Figure 2.2.4: Ellipse Approximation Shape Assumptions

2𝜋

𝐶
=
𝐷
ln

𝐿
+
𝐷

2𝜋

𝐶
=
𝐷
ln

𝑙
+
𝐷

𝐿
𝐷
𝐿
𝐷

𝐿
𝐷

+1

1.2 ≤

𝐿
< 10
𝐷

(2.2.22)

1.2 ≤

𝐿
< 10
𝐷

(2.2.23)

−1
𝐿
𝐷

−1
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𝐿
𝐷

lim

( ⁄ )→

𝐶
=
𝐷

±1→

𝐿
𝐷

𝐿
𝐷
𝐿
ln 2
𝐷
2𝜋

(2.2.24)

𝐿
≥ 10
𝐷

(2.2.25)

For smaller L/D, the elliptical shape no longer effectively describes the flow condition as
the equipotential lines become more circular. Using a cavity shape of sphere or half sphere,
equation 2.2.21 can be used to determine the corresponding shape factors defined in equations
2.2.26 and 2.2.27, respectively, both normalized by the cavity diameter, D. For L/D values
between 0.7 and 1.2, the equipotential lines are more circular and best represented by a spherical
cavity. When the ratio ranges from 0.5 to 0.7 most of the water will travel downwards below the
cylinder with a small portion going horizontal as represented in Figure 2.2.2 where it is shown
that as L/D reduces the portion of vertical flow becomes greater than horizontal. This means that
the equipotential lines will form a half circle around the bottom of the cavity and are best
represented by a half-sphere cavity.
𝐶
= 2𝜋
𝐷

(2.2.26)

𝐶
=𝜋
𝐷

(2.2.27)

These factors can then be transformed to the cylinder shape to make them more representative.
The more exact solution is found by equating the areas of the sphere or half-sphere with that of
the cylinder and solving for its radius, transforming equations 2.2.26 and 2.2.27 into equivalent
shape factors with cylindrical dimensions defined in equations 2.2.28 and 2.2.29, respectively
(Cassan, 1980).
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𝐶
𝐿
=𝜋 4
+1
𝐷
𝐷

0.7 ≤

𝐿
< 1.2
𝐷

(2.2.28)

𝜋
𝐿
𝐶
=
4
+1
𝐷
𝐷 √2

0.5 ≤

𝐿
< 0.7
𝐷

(2.2.29)

These approximate methods have long been the most common methods. However,
numeric and electric analog studies have shown that these factors can be inaccurate, especially if
used outside their applicable region. For example, if an elliptical solution is used when L/D is
less than 1.2 the approximated shape will not be representative of the actual equipotential lines,
resulting in a shape factor inconsistent with actual conditions. Due to these discrepancies a more
exact analytical solution was proposed by Silvestri et al., (2013). Instead of simplifying the
cavity shape factor to an ellipse, sphere, or half-sphere, their method represents the cylinder
exactly. To do this, curvilinear coordinates and the cavity aspect ratio (L/D) is used to represent
equipotential lines in terms of radial and longitudinal cylindrical coordinates. The shape factor
can then be derived similarly to the other methods by using equation 2.2.21 to identify the shape
factor as a function of the curvilinear coordinates, u and v, and the cylindrical coordinate, r, as
shown in equation 2.2.30.
/

𝐶 = 2𝜋

𝑑𝑢
𝑑𝑣
𝑟

(2.2.30)

Using this definition, L/D was then varied from zero to 16 and the integration carried out for
each value. The resulting shape factors were then used to develop a best fit line to determine the
shape factor at any aspect ratio, given in equation 2.2.31. This method was found to be a good
representation of shape factor for a cylindrical cavity as it compared well to the same numeric
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and electric analog studies which originally indicated inaccuracies in the elliptical solution, as
shown in Figure 2.2.5 (Silvestri et al., 2012).
𝐶
𝐿
= 2.8 + 3.79
𝐷
𝐷

.

(2.2.31)

Figure 2.2.5: Comparison Between Cylindrical, Laboratory, and Ellipsoid Solutions (Silvestri et al.,
2012)

For all of these solutions the permeable portions of the cavity are the sides and bottom of
the cylinder, similar to a typical borehole infiltration test. As proposed by Chapuis (1989), the
shape factor of a cylinder with an impermeable base may be estimated by subtracting the portion
associated with an L/D of zero from any factor that represents a cavity with permeable sides and
base. If L/D is equal to zero there is no contribution from the sides of the cylinder, meaning a
shape factor would represent only flow through the bottom. Using electric analog testing
(Chapuis, 1989), this shape factor was determined to be close to 2.75 times the diameter of the
cylinder. By subtracting that part from the original cylinder with permeable sides and base a
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modified factor for a cavity with only permeable sides may be determined, as shown by equation
2.2.32.
𝐶=𝐶

−𝐶

=𝐶

− 2.75𝐷

(2.2.32)

After the application of this modification the shape factor of a cavity with no length should be
equal to zero, reflecting the lack of permeable surfaces around the cylinder circumference.
Each shape factor, summarized in Table 2.2.1, has been derived from theoretical
solutions using various assumptions. Figure 2.2.6 shows the difference between methods in
terms of normalized shape factor with respect to L/D. The difference can be especially large
when an impermeable base is considered, as shown by the series “Sphere-Cylinder Modified”,
where equation 2.2.28 was modified using equation 2.2.32. In general, the spherical solutions
tend to be less accurate, and ellipse solutions more accurate as L/D increases, reflecting the
transition of equipotential line shape. The more exact cylindrical solution tends from the
spherical to the ellipse solution as L/D increases, confirming that it is applicable for a wide range
of values.

19

Table 2.2.1: Shape Factors Depending on Cavity Assumptions

Equation

Normalized Shape
Factor (C/D)

ln

𝐿
+
𝐷

2.2.23
ln

𝐿
𝐷
𝐿
𝐷

2𝜋

Applicable
Range (L/D)

Source

Ellipse

1.2-10

Cassan, 1980

Ellipse

1.2-10

Cassan, 1980

Ellipse

>10

Cassan, 1980

Sphere-Cylinder

0.7-1.2

Cassan, 1980

Half SphereCylinder

0.5-0.7

Cassan, 1980

Cylinder

0-16

Flat Disk

0

𝐿
𝐷

2𝜋

2.2.22

Cavity Shape

+1

−1

𝑙
+
𝐷

𝐿
𝐷

−1

𝐿
𝐷
𝐿
ln 2
𝐷
2𝜋

2.2.25

2.2.28
2.2.29
2.2.31
-

𝜋 4
𝜋
√2

4

𝐿
+1
𝐷
𝐿
+1
𝐷

2.8 + 3.79
2.75

𝐿
𝐷

.

Silvestri et al.,
2012
Chapuis, 1989

Figure 2.2.6: Comparison of Methods
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2.3. Design Infiltration Rate
Best stormwater management practices (BMP’s) are installations used to properly deal
with stormwater runoff before it returns to a natural water source. A BMP commonly used by the
New Hampshire Department of Transportation (NHDOT) is an infiltration basin, designed to
treat runoff by first collecting it by gravity, pumping, or a combination of the two and then
controlling its rate of infiltration into the ground. That rate must be less than 10 in/hr and greater
than some amount dictated by the basin design as if it is too rapid the soil will not have sufficient
time to treat the water but if too slow the basin may need to be very large to meet its
requirements. Considering infiltration rate, the size of the basin is selected to fulfill two
requirements. First, that a volume of runoff known as the water quality volume (WQV) will
drain out of the basin within 72 hours, and second, that the basin will not overfill during a 50year, 24-hour storm. To determine the WQV, the amount of rainfall in inches, P, required to
flush 90% of pollutants to the basin must be considered. For pervious watersheds this value is
close to one inch but as impervious cover increases it decreases to about half an inch. Once a P
value has been chosen according to the watershed characteristics, that and the area of the
watershed are used to determine WQV, the volume of water which will need to be treated by the
BMP (NHDES, 2008).
In the design stage the infiltration rate, or the amount of water flowing through soil per
unit area of basin, of a proposed site must be known to determine if the site is acceptable as is, if
it needs to be altered, or if it is not acceptable. To find the site infiltration rate, the hydraulic
conductivity of the soil at the surface and of any significant layers below the surface must be
determined using soil maps, laboratory testing, or in situ testing. As infiltration rate describes the
flow of water vertically, this hydraulic conductivity must be representative of the vertical
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direction. Using Darcy’s equation for flow through soil to define infiltration rate, as shown in
equation 2.3.1, it can be seen that the hydraulic gradient will also have a significant effect.
𝑄
= 𝑘𝑖
𝐴
where:

(2.3.1)
Q = flow through bottom of basin (cm3/sec)
A = surface area of basin where flow is occurring (cm2)
k = hydraulic conductivity (cm/sec)
i = hydraulic gradient (cm/cm)
If flow out of the bottom of the basin is not affected by any subsurface conditions, such

as a water table or impermeable layer, the hydraulic gradient can be defined using equation 2.3.2.
This infiltration condition is shown in Figure 2.3.1.
𝑖=

𝐷

where:

+𝐿+ℎ
𝐿

(2.3.2)

DPond = depth of water in the basin (cm)
L = length of subsurface wetting front (cm)
hwf = head pulling water downward from capillary action (cm)
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Figure 2.3.1: Infiltration Conditions with No Subsurface Interference

In this expression, the head due to capillary action is typically much smaller than the other
factors and can normally be ignored. If this gradient is determined as a function of time, it can be
seen that it will be the greatest at the beginning of a rainfall event. As water is just beginning to
infiltrate, the distance to the wetting front will be very small meaning that the depth of water in
the basin will control the hydraulic gradient. However, as infiltration continues the distance to
the wetting front will become much larger than the depth of water in the basin. As this distance
increases, the hydraulic gradient will approach one. It has been found that this limit value will be
reached relatively quickly in comparison to the entire infiltration event, and so a value of one is
typically used throughout. If the infiltration event is short or the soil is relatively impermeable a
gradient of 1.5 may be used instead (Massmann, 2003).
If there are conditions that significantly affect the movement of the wetting front
downward, equation 2.3.2 will no longer determine steady state hydraulic gradient conditions. If
the water table or an impermeable layer exists close to the bottom of the infiltration basin, a
phenomenon known as groundwater mounding will occur. Depending on its severity, this water
mounding can significantly decrease the hydraulic gradient from what it would be without
restrictive conditions, and consequently the infiltration rate of the basin will decrease
accordingly. The hydraulic gradient of a basin with restrictive conditions located below can then
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be described using equations 2.3.3 and 2.3.4, derived from computer modelling (Massmann,
2003). An example of these infiltration conditions is shown in Figure 2.3.2.
𝑖=

𝐷 +𝐷
138.62(𝑘

where:

.

)

𝐶𝐹

(2.3.3)

Dwt = depth from basin bottom to water table or impermeable layer (ft)
DPond = depth of water in basin (ft)
k = hydraulic conductivity (ft/day)
CFSize = correction factor for basin size

𝐶𝐹
where:

= 0.73(𝐴

)

.

(2.3.4)

APond = area of bottom of basin (acres)
CFSize = 1 if APond ≤ 2/3 acres
CFSize = 0.2 if APond ≥ 6 acres

Figure 2.3.2: Infiltration Conditions with Subsurface Interference

That work supported that these equations were applicable for obstructions located up to 100 feet
below the basin. It is important to note however that this equation is valid for steady state
hydraulic gradient conditions, represented only when groundwater mounding occurs. For this to
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occur, the infiltration needs to be continuous throughout the time it takes for the wetting front to
reach the boundary. That time, depending on the permeability of the soil and depth of
obstruction, may range from several hours to days. If the infiltration event is shorter than the
time it takes for water to reach the restrictive or groundwater boundary then the infiltration rate
will be unaffected by these obstacles and the hydraulic gradient can be calculated using equation
2.3.2. Furthermore, since the hydraulic gradient begins at a value larger than one before it is
steady state, the use of the minimum steady state gradient is conservative as infiltration rates
before steady state can be significantly larger (Massmann et al., 2003). Therefore, in most cases,
as the NHDOT assumes, a hydraulic gradient of one is sufficient for most cases.
2.4. Laboratory Methods for Measuring Hydraulic Conductivity
Hydraulic conductivity can be determined in the laboratory using several methods. A
benefit of laboratory testing is that the test conditions are typically well-known allowing for a
clear and descriptive measurement. In addition, these tests are normally less expensive than large
field experiments such as pumping tests. The most significant drawback of obtaining hydraulic
conductivity using laboratory methods is sample disturbance, especially in granular soils. This
results in a loss of structure, anisotropy, and natural interconnected voids which can significantly
affect hydraulic conductivity. Several sampling methods can be used, but except for some
specialized techniques or soils with cohesion, an inevitable amount of soil disturbance is likely to
occur. For granular soils, laboratory testing is usually conducted on reconstituted specimens
giving only an estimate of the actual field hydraulic conductivity. Laboratory testing of soil is
typically done by either applying a constant head of water and measuring flow out or by applying
a variable head and observing its variation with time.
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2.4.1. Constant Head Test
A constant head permeability test, shown in Figure 2.4.1, is a commonly used method of
measuring hydraulic conductivity of granular soils. To measure permeability a constant head of
water is applied to a soil specimen and the resulting flow is measured several times, following
established testing protocols that vary slightly depending on the permeability of the soil
specimen (ASTM, 2015; ASTM, 2019). Based on Darcy’s law, equation 2.4.1 describes the flow
during a constant head test.
𝑘=

𝑄
ℎ
∗𝐴
𝐿

where:

(2.4.1)
Q = measured flow (cm3/sec)
L = length of sample parallel to flow path (cm)
h = applied head (cm)
A = cross-sectional area of sample perpendicular to flow path (cm2)

Figure 2.4.1: Constant Head Method (Holtz and Kovacs, 1981)

2.4.2. Falling Head Test
For soils of lower permeability, the falling head test as shown in Figure 2.4.2, is more
appropriate to determine the hydraulic conductivity. Permeability can be determined by equating
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the amount of flow through the specimen to the change in hydraulic gradient, shown in equations
2.4.2 and 2.4.3, respectively. After integrating this relationship hydraulic conductivity can be
determined using equation 2.4.4 (Holtz et al., 2011).
𝑄

= −𝑎𝑣 = −𝑎

where:

𝑑ℎ
𝑑𝑡

(2.4.2)

QIn = flow of water into specimen (cm3/sec)
a = cross-sectional area of standpipe providing water perpendicular to flow (cm2)
v = velocity of water level drop (cm/sec)
h = head level (cm)
t = time (sec)

𝑄

= 𝑘𝑖𝐴 = 𝑘

where:

ℎ
𝐴
𝐿

(2.4.3)

QOut = flow of water discharged from specimen (cm3/sec)
k = hydraulic conductivity (cm/sec)
i = hydraulic gradient (cm/cm)
A = cross-sectional area of sample perpendicular to flow (cm2)
h = head level (cm)
L = length of sample parallel to flow (cm)

𝑘 = 2.3
where:

𝑎𝐿
𝑙𝑜𝑔
𝐴(𝑡 − 𝑡 )

ℎ
ℎ

(2.4.4)

t2 – t1 = time interval between head measurements h1 and h2
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Figure 2.4.2: Falling Head Method (Holtz and Kovacs, 1981)

2.4.3. Empirical Correlations
Several correlations based on grain size have been developed to estimate the hydraulic
conductivity of soils. These relationships should only be used as crude estimations of hydraulic
conductivity, as they were developed for ideal soil conditions rarely encountered in the field.
One of the most commonly used grain size relationship was developed in the early 1900s
by Hazen. It is a very simple method, though it has shown to provide a good estimation given the
right soil conditions. As seen in equation 2.4.5, determining hydraulic conductivity using this
method only requires D10, the effective grain size diameter. The method was established
empirically, and should only be applied for sands with less than 5% fines and D10 values between
0.1 and 0.3 mm (Nakhaei, 2005).
𝑘 =𝐶 ∗𝐷
where:

(2.4.5)
k = hydraulic conductivity (cm/sec)
C1 = empirical shape factor (0.9<C1<1.2, typically taken as 1)
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D10 = grain size diameter of the particles at 10% passing by weight (mm)
Another grain size relationship developed by Prugh in the 1950s takes into account the
overall grain size, grain size distribution, and relative density to estimate hydraulic conductivity.
In this method, D10, D60, and the coefficient of uniformity, Cu, is used to empirically relate to
hydraulic conductivity. D10 and D60 are both expressed in millimeters and Cu is equal to D60/D10.
Using those values, hydraulic conductivity is selected using one of the graphs shown in Figure
2.4.3 depending on the approximate relative density of the soil (Powers and Burnett, 1986). The
field relative density may be estimated using SPT driving resistance or other field methods.

Figure 2.4.3: Prugh Graphs for Loose (Top Left), 50% Relative Density (Top Right), and Dense (Bottom)
Soils
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Another grain size correlation to permeability is a method developed by Alyamani and
Sen in the 1990s based on field samples. This method, shown in equation 2.4.6, takes into
account the grain size distribution as well as I0, a value typically close to D10 (Nakhaei, 2005).
𝐾 = 1.505 ∗ 𝐼 + 0.025 ∗ (𝐷
where:

−𝐷 )

(2.4.6)

I0 = X intercept of a line passing through D10 and D50 (mm)
D10 = grain size diameter of the particles at 10% passing by weight (mm)
D50 = grain size diameter of the particles at 50% passing by weight (mm)
Finally, soil classification may be used to offer a general range of hydraulic conductivity

as shown in Figure 2.4.4. This method only offers a general range of hydraulic conductivities for
various soil types.

Figure 2.4.4: Hydraulic Conductivity Estimation For Soil and Rock (Freeze and Cherry, 1979)
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2.5. Field Methods for Measuring Hydraulic Conductivity
A common issue with many soil properties determined using laboratory testing is that
they are often not representative of the actual field conditions. This problem is in part due to the
variability of properties that a soil can exhibit throughout a site both spatially and vertically. In
addition most soil deposits are highly heterogeneous. Sampling for laboratory testing is also an
issue due to sample disturbance during collection, transport, and specimen preparation.
Typically soils are deposited in layers, resulting in alternating zones of varying
permeability. As a result, the average permeability is typically greater in the horizontal direction
and can be several orders of magnitude larger than vertical. However, laboratory testing typically
measures vertical hydraulic conductivity due to the difficulty of simulating horizontal field
conditions. In situ testing typically yields soil properties that are more representative of the
actual field properties. Although some amount of disturbance occurs with current technology,
this disturbance tends to be consistent and can be handled empirically to obtain reliable values of
geotechnical properties especially for hydraulic conductivity. In situ permeability tests can
generally be divided into surface and subsurface tests. Surface tests typically characterize a small
localized area while subsurface tests can range from small to very large scale.
2.5.1. Percolation Testing
Percolation testing, more commonly known as “Perc Test”, is a method widely used in
the design of septic tank leachfields as well as for estimating general drainage abilities of a site.
Percolation testing measures infiltration rates and therefore only provides an indication of
hydraulic conductivity.
The percolation test is conducted by first digging a hole with a diameter of about half a
foot to a foot and depth of at least 14 inches. The area is then pre-soaked for approximately 24
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hours. This is done in an attempt to both standardize the method as well as simulate the
maximum loading a leachfield would experience. Following that saturation, the hole is filled
with water which is then allowed to flow into the ground while water level changes are measured
with respect to time. That process is continued until the fall in water level over a given time is
similar to previous attempts. The percolation rate of the soil is found using equation 2.5.1
(Bearden, 2007).
𝑃𝑒𝑟𝑐𝑜𝑙𝑎𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 =
where:

∆ℎ
∆𝑡

(2.5.1)

Δh = change in water level (cm)
Δt = elapsed time (sec)
An acceptable percolation rate measurement does not always result in an acceptable

leachfield performance (Bearden, 2007). Due to the disparity between percolation data and the
actual performance of the leachfield, percolation testing is typically accompanied by digging an
observation hole or trench. This supplemental action is taken to check the validity of the
percolation results by ensuring that an impermeable stratum or the groundwater table is not close
to the surface. Paige and Veneman (2015) found that correlations between hydraulic conductivity
and percolation rates, a supposed indication of hydraulic conductivity, are poor and they suggest
that the percolation test is also not a good indicator of soil properties as the results are typically
more dependent on variable conditions, such as degree of saturation and hole size. The
percolation test is a tool used mostly due to familiarity. While it is an established test, if a more
descriptive and accurate site characterization is needed alternate methods should be used.

32

2.5.2. Double Ring Infiltrometer
The double ring infiltrometer is an instrument originally designed to measure infiltration
rate. The infiltration test does not need to be conducted in a saturated condition. Instead it can be
conducted in a condition that replicates the design requirements or desired information (Johnson,
1963). However, the soil does become saturated as the test progresses and once the infiltration
rate is constant it can offer an indication of saturated hydraulic conductivity.
The instrument is made of two rings with different diameters. The test can be conducted
with any diameter rings, however as the diameter of the ring increases the percentage of flow in
the vertical direction, the direction of infiltration, increases thus more effectively controlling the
flow direction. Some of the water in the outside ring will flow in the horizontal direction at the
edges, however it is the measurements made in the inside ring that are used to determine
infiltration rate. Due to the water pressures provided by the outside ring, a large percentage of the
water in the inside ring will flow vertically, as shown in Figure 2.5.1, this process is known as
cumulative infiltration by ponding (Stibinger, 2014).

Figure 2.5.1: Double Ring Infiltrometer Flow Conditions (Braneon, 2017)

To conduct the test, the selected rings are driven into the surface 6-8 inches using blocks
which distribute the driving forces and allow for the rings to be installed level with the ground
surface. Water can then be added to both the inner and outer ring, filling to the desired height.
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The water should be kept constant at that height and the amount of water used to maintain the
level for a certain period of time should be recorded. That process is then repeated for several
intervals, depending on the desired amount of saturation and the type of soil. As a reference, the
US Geological Survey recommends a test period of 8 hours, with intervals of 15, 30, and 60
minutes for the first, second, and remaining hours of testing, respectively (Johnson, 1963).
The infiltration rate can then be found by calculating inches of fall per elapsed time,
using the measured flow and area of the ring. The flow which is selected to be representative
depends on the application of the surface, because infiltration rate is site and situation specific. If
the flow is observed to be constant, an estimate of hydraulic conductivity can also be obtained
using Darcy’s law as shown in equation 2.5.2. Typical test results by Rönnqvist (2018) are
shown in Figure 2.5.2 where Ksat is the point at which the hydraulic conductivity reaches steady
state.
𝑘=

𝑄
𝑖𝐴

where:

(2.5.2)
Q = measured constant flow (cm3/sec)
i = height of water maintained during test (cm/cm)
A = cross-sectional area of inside ring (cm2)
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Figure 2.5.2: Infiltration Rate vs Time of Double Ring Infiltrometer Test (Rönnqvist, 2018)

2.5.3. Piezocone Penetration Test (CPTU)
Penetration tools such as the piezocone penetration test (CPTU) can be used to estimate
drainage properties of soils. As the CPTU is pushed into the ground, excess pore pressures are
generated in low permeability soils such as silts and clays. The hydraulic conductivity can be
estimated by observing the dissipation of pore pressures with time at depths of interest. The
procedure consists of pushing the CPTU to a certain depth, stopping the advancement and
recording pore water pressure change with time. A typical dissipation test is shown in Figure
2.5.3.

Figure 2.5.3: CPTU Dissipation of Excess Pore Water Pressure (Bałachowski, 2006)
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The measurement can be used to determine the coefficient of consolidation of the clay at
that depth. This application has since been developed so that information obtained during this
test can be used to estimate hydraulic conductivity empirically. A method devised by Manassero
(1994), uses a factor, BK, as shown in equation 2.5.3, which relates measurements of tip
resistance, sleeve friction, and excess pore pressure.

𝐵 =

𝑞
100 ∗ 𝑓 ∗ ∆𝑢

where:

(2.5.3)

qt = tip resistance (MPa)
fs = skin friction (MPa)
Δu = pore pressure change (MPa)

BK can then be related to hydraulic conductivity using equation 2.5.4 (Manassero, 1994).
log(𝑘) = 2.61 𝐵 − 10.93

(2.5.4)

While this method offers an estimate of hydraulic conductivity, it still requires that the probe is
halted for an extended period of time while the pore pressure dissipation is measured. For this
reason other methods have been developed.
The second method is based on a theoretical model and can be used to determine
hydraulic conductivity over a continuous drive. However, for this model to be applicable the
assumption that the soil is partially drained needs to be made, where in typical clay conditions
over a short time period undrained conditions are normally assumed. This solution is based on
the assumption that circular flow will occur around the cone, centered on the cone tip, as the
probe is pushed. The diameter of that circle is equal to the diameter of the probe, and the rate of
flow is equal to the volume of the circle moving at the rate of the push. Using Darcy’s law,
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Elsworth and Lee (2007) determined that the model could be used to estimate hydraulic
conductivity in terms of a dimensionless hydraulic conductivity index. Since there was little
application for this undescriptive index value, a relation between the index and existing hydraulic
conductivity data was established. By plotting the index value vs actual data a fit line was
generated, defining the relation between the two. A subsequent study further developed the
original model, refining the index value. The assumption that the flow volume is the entire circle
was changed to half that due to a portion of that circle being taken up by the probe, resulting in
equations 2.5.5 and 2.5.6, with part of the solution being defined using the data shown in Figure
2.5.4. Once the variable KD has been defined, hydraulic conductivity can be determined by
rearranging equation 2.5.5.
𝐾 =

2𝑘𝜎
𝛼𝛾 𝑈

(2.5.5)

σ’v0 = initial vertical effective stress (N/cm2)

where:

α = cone radius (cm)
γw = unit weight of water (N/cm3)
U = rate of probe advancement (cm/sec)
𝐾 =

0.044
𝐵𝑄

.

𝐵 𝑄 > 0.45

(2.5.6)
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Figure 2.5.4: Relation Between Bq, Qt, and KD (Chai et al., 2011)

Bq and Qt are dimensionless parameters first defined by Robertson et al. (1986), and further
adapted by Elsworth and Lee (2007), determined using equations 2.5.7 and 2.5.8, as cited by
Chai et al. (2011).
𝐵 =

𝑢 −𝑢
𝑞 −𝜎

(2.5.7)
ua = pore water pressure measured by probe (N/cm2)

where:

us = static pore water pressure before testing (N/cm2)
qt = total cone tip resistance (N/cm2)
σv0 = total vertical stress (N/cm2)
𝑄 =

𝑞 −𝜎
𝜎

(2.5.8)

2.5.4. Pump Test
The pump test is the most common large scale hydraulic conductivity test. The benefit of
this method is that it can characterize a large volume of soil and take into account subsurface
anomalies. The pump test is conducted by first installing two types of wells. The first is a single
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larger well used to pump out groundwater and the second is a series of smaller wells installed at
several different distances from the pumping well, used to observe the groundwater level. As
water is pumped out of the larger well, a cone of depression surrounding it is created.
Throughout this cone, the observation wells are used to measure the piezometric height of the
groundwater at those locations. As water is pumped out, the measured flow will change until
steady state is reached (Kruseman, 2000).
The hydraulic conductivity can then be determined by relating measured parameters. At
the most simplified state of soil conditions, two equations can be used to analyze pump test data,
one which applies to confined aquifers and another for unconfined as shown in equations 2.5.9
and 2.5.10, respectively.

𝑄 = 𝜋𝑘

ℎ −ℎ
𝑟
ln
𝑟

where:

(2.5.9)

k = hydraulic conductivity (cm/sec)
h = water level in observation well a distance, r (cm), from pumping well (cm)

𝑄 = 2𝜋𝑘𝐵

where:

ℎ −ℎ
𝑟
ln
𝑟

(2.5.10)

B = thickness of confined aquifer layer (cm)
h = piezometric level in observation well, a distance r (cm) from pump well (cm)

Non-ideal conditions such as recharge and barrier boundaries, delayed storage, and leaky
aquifers can significantly affect the resulting permeability. The pumping test yields an averaged
hydraulic conductivity over the entire soil volume without identifying critical high or low zones
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of permeability. However, the test is carried out in relatively undisturbed soil. In addition, the
flow is more indicative of horizontal hydraulic conductivity (Kruseman, 2000).
2.5.5. Borehole Infiltration Testing
Borehole infiltration testing is a widely used and relatively simple method to determine
permeability in situ. The test is conducted by first drilling and casing a borehole to isolate the test
region. Filter material is then placed at the bottom of the hole, typically a highly permeable
material such as coarse sand. The casing is then lifted, typically 2 ft, to expose the sand fill, as
shown in Figure 2.5.5. The test is then conducted by filling the cased hole with water to generate
head so the water flows through the filter material and into the surrounding soil.

Figure 2.5.5: Borehole Infiltration Test Schematic

The height of water is either maintained constant in the borehole and the flow is measured or the
water is allowed to fall and the change in height is measured with respect to time. The test
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conditions and measurements can then be related to hydraulic conductivity using a shape factor
that takes into account the flow area. The most commonly used methods of determining this
shape factor were outlined by Hvorslev (1951), and summarized using Cassan (1980) in Section
2.2.1, where different equations are given for various test borehole conditions. A large portion of
the work by Hvorslev focused on determining the amount of time needed for the flow of water
through the bottom of the borehole to stabilize, or the time lag. The reason for this time lag is
due to a difference in head between the level of water in the borehole and the groundwater table.
The true time can be skewed by such factors as swelling or shrinkage of the soil or the presence
of gas bubbles within the soil. Time lag can be used to determine hydraulic conductivity by using
equation 2.5.11.
𝑘=

𝐴
𝑇𝐶

where:

(2.5.11)
A = cross-sectional area of boring standpipe (cm2)
T = time lag (sec)
C = shape factor (cm)

For a borehole infiltration test with steady state flow conditions, equations 2.5.12 and 2.5.13 for
constant and variable head tests, respectively, may be used to determine hydraulic conductivity
(Hvorslev, 1951).
𝑘=

𝑄
𝐶𝐻

where:

(2.5.12)
Q = measured flow (cm3/sec)
C = shape factor (cm)
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H = constant head level (cm)
𝑘=

𝐻
𝐴
ln
𝐶(𝑡 − 𝑡 )
𝐻

where:

(2.5.13)

A = cross-sectional area of boring standpipe (cm2)
C = shape factor (cm)
t2 – t1 = elapsed time between head measurements (sec)
H1, H2 = beginning and end head measurement of test interval (cm)
The shape factor is dependent mostly on the dimensions of the borehole test cavity as

well as the direction in which flow exits the bottom of the borehole. Since water always takes the
path of least resistance, the direction of flow is dependent on the relative soil conditions
surrounding the borehole. For example, if the soil conditions surrounding the borehole are
isotropic and homogeneous then the flow would be similar in all directions, as seen in Figure
2.5.5. However, if the soil directly below the borehole is much less permeable, then the flow
would mostly go in the horizontal direction. Hvorslev (1951) took this anisotropy into account
by modifying the ratio of borehole length to diameter to reflect the differences in permeability.
Overall, borehole infiltration testing is a well established method of determining hydraulic
conductivity. The limitations of this method include issues with soil disturbance during borehole
preparation, the influence of the filter material, and the need to assume conditions about soil
layering and anisotropy. Given that the limitations are known, hydraulic conductivity determined
with this method can be used with a good understanding of its accuracy.
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2.6. Permeafor Permeability Testing
One of the more recent field methods to evaluate the permeability of soils is the
Permeafor. This instrument, originally developed in Strasbourg, France in the early 1980s, was
designed to measure relative horizontal hydraulic conductivity in situ. The tool consists of a
hollow perforated probe that is driven into the ground with water simultaneously injected into the
surrounding soils as shown in Figure 2.6.1. The probe is supported by a system at the ground
surface that regulates and measures the flow and pressure of the water supplied to the perforated
section.

Figure 2.6.1: Schematic of Permeafor Probe

The probe has a conical tip to facilitate penetration into most soils by percussive drilling using
conventional geotechnical drilling tools. Water is supplied to the probe during driving and testing
using a tube that runs inside the drill rods. For testing, driving is halted and the flow of water is
allowed to occur during the test period. The probe is designed with tapered sections above and
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below the recessed perforated section to isolate the flow to occur primarily in the horizontal
direction, preventing flow up or down along the soil-probe interface. Various configurations
have been used mostly with variations in the diameter of the permeable screen: for example
probes of 40, 50, and 70 mm (Ursat and Hervé, 2002). A recent design by Reiffsteck et al.
(2009) also allowed the injection of water at the tip.
The control system used to regulate and measure test parameters has evolved
significantly, concurrently with large advancements in instrumentation, electronics, and data
acquisition. These advancements have allowed for more precise measurements as well as the
ability to more dynamically change the test conditions during the experiments. However all
iterations of the Permeafor design aim at determining permeability, either as relative indication
or as a hydraulic property.
The Permeafor is essentially a borehole permeability test but driven into the ground and
with flow restricted to the horizontal direction. At the test depth, the measurements of flow and
pressure through the soil are used to estimate permeability by relating flow to the applied head at
the depth of the screen. This relation is expressed using a ratio of flow to the applied head, or
Q/H’, where Q is the measured flow and H’ is the effective head at the screen. The effective head
takes into account all head losses. Practically, this relation may be thought of as the amount of
pressure required to push a certain volume of water through the soil over a given time. Therefore,
it becomes clear how Q/H’ may be used to estimate the permeability of soil, where a larger or
smaller Q/H’ would indicate a more or less permeable soil, respectively. This parameter is
especially useful to detect variations in permeability with depth. Results from research in France
have shown that the applicability of Q/H’ measurements should be limited between 10-6 and 10-3
m2/sec. The lower limit is for two conditions, when the tested soil has a very low permeability or
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when head losses are greater than the applied head. If a soil has a very low permeability it has
been found that the time needed to properly complete a test is significantly longer and so it was
limited in order to create a standard operating procedure for all soils. The other condition causing
this limit occurs if flows are very high while the applied head is low as this may introduce error
into the head loss calculation where head loss is greater than total head, resulting in a negative
Q/H’ value. The upper limit is used for similar reasons, large flows under normal applied head
conditions result in large Q/H’ values that may contain errors due to inaccuracies in the
calculation of head loss at large flows, resulting in error in the measurement of effective head.
However, If the value of Q/H’ is measured correctly and within the applicable bounds it may
then be related to hydraulic conductivity using an appropriate shape factor (Ursat et al., 1986)
By continually supplying water as driving occurs, values of Q/H’ may be observed at
every depth. These observations can then be used to generate a profile of relative soil
permeability with depth. Also, since the probe can be driven using conventional methods, the
penetration resistance can be used along with values of Q/H’ to identify the soil stratigraphy. An
example of this application can be seen in Figure 2.6.2 where the data is combined to estimate
the soil profile under a dike. As shown, layers of similar driving resistance such as silt, sand, and
gravel were more accurately identified by considering the differences in permeability. In such
cases, the Permeafor was found to be a good choice as its ease of use and short testing screen
made it possible to obtain a profile with good resolution in a relatively short amount of time
(Reiffsteck et al., 2009).
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Q/H’
Penetration
Effort

Figure 2.6.2: Indicated Permeability (Thick Blue Line), Probe Driving Resistance (Thin Brown Line), and
Corresponding Estimated Soil Profile (Reiffsteck et al., 2009)

2.6.1. Relation of Q/H’ to Hydraulic Conductivity
After determining Q/H’ for a given test, the values can be related to hydraulic
conductivity using a shape factor that describes the geometry and extent of flow through the soil.
As the Permeafor is driven into the ground, it creates a cylindrical cavity in the soil of equal
dimension as the probe. The perforated section of the probe then provides water flow to the
pocket created by the penetration. The flow out of this pocket may be described using a
modification of Darcy’s law to represent flow out of a cavity as shown in equation 2.6.1.
𝑄 = 𝑘𝐻𝐶
where:

(2.6.1)
k = hydraulic conductivity (cm/sec)
H’ = applied hydraulic head (cm)
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C = shape factor (cm)
The shape factor used to describe the flow is similar to that used for the Lefranc permeability
test. The Permeafor can be compared to the Lefranc test since both tests are injection tests
conducted from a cylindrical cavity. However there are some important differences between the
test conditions, mostly in terms of cavity length to diameter ratio (L/D). The shape factors are
summarized in Table 2.6.1 as a function of L/D (Ursat et al., 1986). The L/D ranges for the
sphere and half-sphere solutions, both transformed to a cylindrical shape, differ slightly from
those presented in Section 2.2.1. These ranges overlap from L/D of 0.3 to 0.7 instead of
transitioning from half-sphere to sphere at 0.7. The lower limit of these solutions is also less than
those previously presented, 0.3 instead of 0.5.
Table 2.6.1: Permeafor Shape Factors for Various Aspect Ratios (Ursat et al., 1986)

Aspect Ratio (L/D)

Assumed Cavity Shape

𝐿
> 10
𝐷

Ellipse

Shape Factor (C)
𝐿
2𝜋
𝐷
𝐷
𝐿
log 2
𝐷
2𝜋

𝐿
≤ 10
𝐷

Ellipse

0.3 ≤

𝐿
< 1.2
𝐷

Sphere-Cylinder

𝐷2𝜋

0.3 ≤

𝐿
< 0.7
𝐷

Half Sphere-Cylinder

𝐷𝜋 2

1.2 ≤

𝐷
log

𝐿
+
𝐷

𝐿
𝐷
𝐿
𝐷

+1

𝐿 1
+
𝐷 4
𝐿
1
+
𝐷
2

Using these shape factors hydraulic conductivity can be estimated with the Permeafor
using equation 2.6.2.
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𝑘=

𝑄 1
𝐻 𝐶

(2.6.2)

This equation is only applicable for saturated conditions and laminar flow. The degree of
saturation of soil during an in situ test is difficult to ascertain, however the Q/H’ data may be
used to evaluate when a relatively saturated value has been reached, primarily by observing
when it has reached a steady state.
2.6.2. Verification of Laminar Flow
Laminar flow can be evaluated by comparing flow velocities that occur during testing to
the maximum velocity water may flow through a given soil, after which conditions transition to
turbulent. The critical maximum velocity of any fluid can be determined using Reynold’s
equation for turbulent flow as shown in equation 2.6.3.
𝑅

=

where:

𝑉𝑑
𝜐

(2.6.3)
Rec = critical Reynold’s number
Vc = critical maximum velocity for non-laminar flow (cm/sec)
d = diameter of flow path (cm)
ν = kinematic viscosity of fluid (cm2/sec)

In the case of flow through soil, the flow path diameter may be estimated using Hazen’s
principle, stating that the effective area of permeable pathways is equal to the size of particles
associated with 10% of those particles passing a certain sieve size, commonly denoted as D10.
The critical Reynold’s number is related to the roughness of the flow cross-section, where
smaller numbers indicate rougher surfaces. For granular materials this value is typically between
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5 and 10 (Ursat et al., 1986). The flow velocity during a test can be expressed using equations
2.6.4 and 2.6.5.
𝑄=𝑣 𝐴

(2.6.4)
Q = measured or critical flow (cm3/sec)

where:

vc = velocity corresponding to measured or critical flow (cm/sec)
ACav = surface area of test cavity (cm2)
𝐴

= 𝜋𝐷𝐿

where:

(2.6.5)
D = diameter of test cavity (cm)
L = length of probe screen (cm)

By combining equations 2.6.3, 2.6.4, and 2.6.5 a final expression of the critical flow rate through
a cylindrical cavity at which laminar conditions will transition to turbulent is derived, as shown
in equation 2.6.6.
Q =

(R

∗ ν ∗ π ∗ D ∗ L)
(D )

(2.6.6)

With ν, D, and L constant values, and D10 known or estimated, the maximum flow which may
occur while Darcy’s Law is still applicable can be determined using that expression. A
comparison between this value and the actual measured flows will verify the validity of a
calculated hydraulic conductivity (Ursat et al., 1986).
An example of a characterization of critical flow completed by Larrabee (2010) is shown
in Figure 2.6.3. Given a cavity with an equal length and diameter of 5 cm the critical flow was
able to be determined as a function of grain size diameter. In this situation, the in situ and
laboratory material tested, indicated as “Lee Sand”, had a D10 of approximately 0.0002 cm. For
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this D10 the maximum flow which could occur before non-laminar flow could be found as
indicated on the figure. A comparison of measured flows to this maximum value then determined
that non-laminar flow would not have occurred during testing (Larrabee, 2010).

Figure 2.6.3: Critical Flows for Half Scale Probe (Larrabee, 2010)

2.6.3. Analysis of Q/H’ with Time
For each test, the parameter of Q/H’ is measured until the ratio stabilizes with time.
Hydraulic conductivity is a constant soil property, given that boundary and soil conditions are
also constant. Therefore, a proper measurement using laminar flows should also be constant
regardless of the testing conditions. The standard test requires flow and pressure to be measured
for 10 seconds to reach a constant Q/H’. However, it has also been shown that if the permeability
of a soil is low, Q/H’ may not stabilize within that period, and is therefore capped at 10-6 m2/sec.
After a constant value has been reached it can be reasonably assumed that the test zone is
sufficiently saturated. To verify that Q/H’ is independent of H’ within the laminar flow range,
results have shown that even when the amount of applied head is increased the flow increases
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proportionally, resulting in a constant ratio of flow to effective head as shown in Figure 2.6.4
(Ursat et al., 1989). These results indicate that hydraulic conductivity may be estimated using the
Permeafor as long as Q/H’ is used to verify that a steady state value has been reached.

Figure 2.6.4: Change in Q/H’ Depending on Applied Head (Ursat et al., 1989)

2.6.4. Test Results
A technical guide presented by Ursat and Hervé (2002) investigated methods of
interpreting field data. As the purpose of these tests was to quickly identify relative differences in
soil permeability with depth, measurements of Q/H’ were not related to hydraulic conductivity.
Instead, Q/H’ was classified into categories that describe general magnitudes of permeability as
shown in Figure 2.6.5.
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Figure 2.6.5: Permeability Classes Depending on Q/H’ (Ursat and Hervé, 2002)

This qualitative measure of relative permeability is then combined with driving resistance to gain
a better understanding of the soil stratigraphy. An example of this approach is shown in Figure
2.6.6 where the tool was used to profile 10 meters of soil in Strasbourg, France.

Figure 2.6.6: Permeability (Thick Line) and Driving Resistance (Thin Line) Results (Ursat and Hervé,
2002)

Stratigraphy was approximately defined by comparing typical strength and hydraulic properties
of the soil to the collected data. In this case, the alluvium present in this region is typically a
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sandy-gravel mixture, but given the measurements of Q/H’ it was better identified as sand.
Furthermore, the water table, present at 2.3 m, does not appear to significantly change the trend
of Q/H’ measurements, suggesting that the values are independent of soil saturation levels.
Field testing conducted by Reiffsteck et al. (2009) also showed a good relation between
Q/H’ and driving resistance. A probe with a cavity aspect ratio of one, having a diameter of 5
cm, was used to profile the stratigraphy of a dike. Resistance to driving the probe with a high
frequency hammer was measured over each 20 cm drive. Between each drive the probe was
halted for 10 seconds to find Q/H’. The measurements were used to identify two soil profiles that
were also verified using soil borings as shown in Figure 2.6.7.

Figure 2.6.7: Permeability and Driving Resistance Profiles (Reiffsteck et al., 2009)

A scale of relative permeability was used to give context to the measurements. This scale, called
out as (1), (2), (3), and (4) in the figure, represents ranges of permeability described as highly

53

impermeable, slightly impermeable, medium permeable, and permeable soil, respectively.
Hydraulic conductivity values found at various depths and locations using the Hazen grain size
relationship, laboratory constant head testing, and the Lefranc method were compared to
Permeafor results. Changes in Q/H’ between locations and depths were found to follow the same
trends as the hydraulic conductivity measurements, suggesting that the estimated change in
general soil permeability given by Q/H’ was accurate throughout.
Given its ability to effectively detect significant changes in permeability this study
concluded that the Permeafor would be useful in identifying problematic soil layers affecting the
usability and safety of earthen dikes. While this Permeafor method is useful in this and several
other situations, many times the permeability of soil must be more precisely characterized. As it
was not the intended use in these projects, both studies did not attempt to measure hydraulic
conductivity. However, Reiffsteck et al. (2009) suggests that increasing the typical 10 second test
time may allow determination of the permeability.
2.6.5. Smaller Scale Testing
In 2008 a small scale model of the French Permeafor was constructed and tested in the
laboratory and in situ at the University of New Hampshire (UNH) by Larrabee (2010). This
model, shown in Figure 2.6.8, was based on the original 1980s probe and was designed such that
all dimensions were exactly half of the original. As can be seen, it was also built in sections so
that changes in configuration could easily be made. The probe was approximately 39 cm long
with a minimum diameter of 2.5 cm and a maximum of 3.9 cm. The screen has a length of 2.8
cm and the cavity created at the test zone had the same diameter, giving an L/D equal to one.
Using the applicable equation for shape factor presented in Section 2.6.1, this ratio results in a
factor of 0.20 m.
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Figure 2.6.8: Half-Scale Permeafor Design

Testing using this probe was conducted in soil prepared in the lab as well as in situ at a
site local to UNH. In both cases, the probe was supplied with water using an elevated tank
maintained at a constant head level. The tank used for in situ testing did allow for various
constant heads however this could not be changed rapidly to account for any flow losses. The
flow was measured using a manual read float gauge and the total head level was determined by
measuring the height between the free surfaces of the supply tank and probe. Laboratory testing
was primarily used to calibrate for head losses and optimize the system in preparation for field
testing. The field testing results are shown in Figure 2.6.9. These results were obtained using the
same probe but different penetration methods. Results labelled as DCH were completed with a
dynamic cone penetrometer hammer with a weight and drop height of 15 pounds and 20 inches,
which allowed for driving resistance to be reported, and HR indicates that the probe was pushed
in using a portable hydraulic rig.
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Figure 2.6.9: In Situ Results with Small Scale Model

As shown, each series of Q/H’ measurements follows the same general trend though there are
some differences. The difference between DCH 1 and DCH 2, when the head level is increased
by 1.7 m, indicates that the tests cannot be used to measure hydraulic conductivity as the values
should not change given different applied heads. However, the average of these tests was
concluded to be fairly similar, indicating that the two tests at different head levels were
approximately the same and it is also possible that soil conditions differed between the two test
locations. Another likely cause of error could be attributed to incorrect flows as water was
observed to be running up the rods to the surface throughout each test completed using the
hydraulic rig. Though the results do show that as driving resistance increases, Q/H’ decreases,
possibly reflecting a decrease in void ratio and permeability. A comparison of hydraulic
conductivities determined using the Q/H’ values, grain size relationships, and a laboratory
Proctor compaction method is shown in Figure 2.6.10. The laboratory Proctor hydraulic
conductivity test results are about one order of magnitude less than the Permeafor results. This
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could be attributed to differences in soil structure from the field condition to the reconstituted
soil in the laboratory. The Permeafor results closer to the surface are also significantly larger
than those of the comparison methods, likely reflecting that water was flowing along the rods to
the surface (Larrabee, 2010; Larrabee, et al, 2012).

Figure 2.6.10: Comparisons of Hydraulic Conductivity with Small Scale Model

Work completed using the small scale probe was useful in verifying the principles of the
Permeafor as well as to identify potential issues for future work. The in situ tests showed that
water flowing along the rods to the surface cannot be accounted for in the interpretation of flow.
This testing also showed that a variation in system head did not yield the same results, indicating
that external head did have some influence on hydraulic conductivity when it should not.
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CHAPTER 3

3. EQUIPMENT, PROCEDURE, AND ANALYSIS

3.1. Background
The Permeafor built at the University of New Hampshire (UNH) is based on the existing
French Permeafor probes. The UNH instrument and support system built for this project has
some important design constraints. It had to be simple to use in daily geotechnical testing
practice as well as reliable and adaptable to various soil conditions. The Permeafor estimates
permeability by observing water infiltration into the soil through a screened section mid-probe or
at the tip. This water is supplied from the surface to the probe using a tank open to atmospheric
pressure. Pressure and flow rate are controlled and measured as water is fed down to the probe
using flexible tubing that runs inside the drive rods. The water then exits into the soil through the
recessed perforated section. This process is outlined in Figure 3.1.1, for the mid-probe
configuration, using different pressure systems.
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Figure 3.1.1: Permeafor System Configurations

Pressure and flow measurements are used to find a ratio of flow and effective head
(Q/H’) with time. Flow rate at probe level can be determined by direct measurement because
water flows as a continuum and therefore the rate is equal throughout the system. The pressure
applied at the probe, the effective head, H’, is a function of the total head and the head losses.
Total head includes the gravity head from the top of the water source tank to the depth of the
probe as well as the additional head supplied by the pump. A pressure sensor located close to the
system outlet is used to measure the head from the height of water in the supply tank as well as
the head contributed by the pump. This sensor measures effective head directly and without the
need to consider head losses upstream from the pressure sensor. The remaining total head is due
to gravity only and is equal to the height difference between the location of the pressure sensor
and the flow outlet at probe level in the ground, or, if the probe is below the water table, the
difference is to the water table. The effective head is determined by subtracting the head losses
due to the flexible tubing and the probe. Section 3.4.1 describes the method used to find the
relationship between head loss and flow for each probe configuration. For tests in unsaturated
soil, above the water table, the effect of capillary action is not considered in the calculation of
effective head. These pressures are not present after the soil has been saturated though they may
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influence the applied effective head during saturation of the zone. Furthermore, the degree of
saturation required to prevent capillary action may be difficult to achieve when testing in fine
grained soils. The accumulation of effective head throughout the process for each water level
condition is described in Figure 3.1.2.

Figure 3.1.2: Accumulation of Effective Head During Permeafor Test

The French testing procedure requires that probe driving be halted every 20 cm, where
head is maintained constant and the flow is observed for 10 seconds before resuming penetration.
It is suggested that a minimum flow be maintained during driving to prevent soil particles from
entering the probe and potentially clogging the screen. This chapter presents the UNH Permeafor
probe, supporting equipment, operating procedures, and data analysis methods.
3.2. Probe
The UNH Permeafor probe was designed after the 1988 French Permeafor version. This
version was about 700 mm long with a maximum and minimum diameter of 70 and 44 mm,
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respectively. The length of the screen and diameter of the test cavity was 50 and 52 mm,
respectively, resulting in an aspect ratio of about one. The end of the probe included a threaded
removable conical tip. Much of the UNH probe design is similar in dimensions but incorporates
more modularity by machining the probe in several sections along its length. This approach was
used to allow for potential future improvements and easy replacement of damaged sections.
The modular pieces allow for two different probe designs, one with the screen located at
the center of the probe and the other with the screen located at the tip. The middle screen
configuration is similar to the original French design while the tip screen was an experimental
modification first tested by Reiffsteck et al. (2009). The middle and tip screen configurations and
their dimensions are shown in Figures 3.2.1 and 3.2.2, with screen dimensions resulting in aspect
ratios of approximately 1 and 0.7, respectively. The individual middle and tip screen sections are
also shown in Figure 3.2.3A and B, respectively.

Figure 3.2.1: Middle Screen Configuration Dimensions

Figure 3.2.2: Tip Screen Configuration Dimensions
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Figure 3.2.3: Probe Screens (A, Middle Screen and B, Tip Screen)

All pieces are hollow allowing for water to flow throughout. The pieces are assembled together
by threaded connections. Each section is machined with an O-ring groove to prevent water loss
between sections. The top of the probe is equipped with a Swagelok fitting that connects to the
flexible tubing that supplies water to the screen. The tubing runs inside the rods to keep it
protected from damage during driving and exits at the ground surface through a short slotted rod
as shown in Figure 3.2.4. The tubing is pre-strung through the rods before making connections to
either end. The pre-strung rods are laid down and added or removed as needed. The probe is
connected to drill rods using an NW sub adaptor.
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Figure 3.2.4: Slotted Drilling Rod

3.3. Measurement and Control System
The system to regulate and measure test parameters was developed based on the
principles established for the French Permeafor. The system, annotated in Figure 3.3.1, consists
of four main components; a pump (1), flowmeter (2), pressure sensor (3), and data acquisition
device (DAQ) located within a water resistant housing behind the flowmeter. The pump, made
by Grundfos, is controlled by a variable frequency drive (VFD) which allows for precise speed
adjustments. This version was selected so that pressure and flow could be increased, decreased,
or maintained constant as needed and in real time during testing. A 1 in. diameter hose connects
a 100 gallon heavy duty plastic tank, shown in Figure 3.3.2, to the system inlet using quick
connection fittings (4) at either end. At the system outlet, a Swagelok fitting (5) facilitates the
connection to the probe using flexible tubing.
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Figure 3.3.1: Acquisition and Control System (Pump, Flowmeter, Pressure Sensor, Inlet Quick Connect,
and Outlet Swagelok Fitting, respectively)

Figure 3.3.2: 100 Gallon Supply Tank and System Connection Hose

.

For proper operation all equipment and piping up to the outlet must be filled with water

prior to testing. This is essential as the pump turbine spins at high speeds on bearings lubricated
and cooled only by water running through the pump. If water is not flowing or there are air
pockets within the system, severe damage to the pump can occur due to overheating.
Additionally, if there is too much air in the lines the pump will no longer effectively move water.
The presence of air will also change the effectiveness of the flow sensor as it is specifically
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designed to measure flow in saturated conduits. The saturation procedure consists of applying
several feet of head to the system inlet to ensure the pump does not create air pockets. This can
be achieved by raising the water supply tank and using a short, large diameter hose to connect
the tank to the system, minimizing head losses. To evacuate the system of all air before use, the
lines need to be bled using a valve on the pump while the outlet valve is closed. Finally, all
connections located upstream from the pump must be watertight as suction pressures generated
by the pump will pull air into the system.
The pump operates on 240 VAC while the remaining system runs on 120 VAC. A
portable generator with voltage options of 240 VAC and 120 VAC and a capacity of at least 15
Amps was used to power the system. A 15 Amp breaker, as shown on the top right corner of the
metal frame in Figure 3.3.1, protects the pump from overcurrent damage. The pump has a builtin AC to DC converter that provides the excitation voltage for the Omega pressure sensor. This
sensor can measure from 0 to 100 psia as an analog voltage signal from 1 to 11 VDC. The
Siemens flow sensor calculates flow by measuring the velocity of water passing through a known
cross-sectional area. A digital display provides real time flow rate as well as a means to choose
measurement and output settings. The measured flows can be set to any range within 0 to 10
gal/min. The sensor provides the option of selecting outputs corresponding to flow of either
analog current or a square voltage signal of a varying frequency. With the equipment used, the
most appropriate flow sensor output was found to be a frequency signal of 0 to 500 Hz,
representing a range of flow from 0 to 2 gal/min, where 2 gal/min is the largest flow that is
expected to be measured during normal field use. This signal is generated by a switch inside the
sensor that connects and disconnects a +5 VDC charge to the National Instruments DAQ input
pin, resulting in the measurement of an alternating signal of 0 or 5 VDC.
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Voltage signals received by the DAQ are converted by LabVIEW. The incoming signal is
sampled at a rate of 5000 Hz over a duration of 0.2 seconds, obtaining groups of 1000 samples.
From each group of samples, a frequency rate from the flow sensor output is determined using
fast Fourier transform methods. Also from those samples, an average signal from the pressure
sensor is determined. These reduced frequency and voltage measurements are then converted to
flow and pressure at a rate of 5 Hz. Each set of flow and pressure is then recorded as a function
of time. Concurrently to this, test events are recorded according to the orientation of switches
located on the graphical interface of LabVIEW, indicating the times at which probe driving or
testing begins and ends. Flow and pressure information is also used to operate a proportionalintegral-derivative (PID) controller. This controller allows for the pump to regulate pressure or
flow at a specific level by increasing or decreasing its speed depending on an analog DC signal.
The signal generated by the controller is adjusted according to its PID gain settings, the
requested flow or pressure setpoint, and the actual flow or pressure values being measured at that
time. Therefore, the PID controller operates as a closed loop, as the measured flow and pressure
input are a result of the pump speed controlled by its output. In addition to pressure or flow
regulation, the pump speed may also be set manually using the program. Flow, pressure, and
several user input constants are also used to estimate Q/H’ in real time to observe its changes
over the duration of a test. Figure 3.3.3 outlines this flow of data.
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Figure 3.3.3: Flow of Data Every 0.2 Seconds of Execution

Specifications for the instruments used to make and record measurements are given in
Table 3.3.1.
Table 3.3.1: Permeafor Instrument Specifications

Instrument
Output
Output Range
Measurement Range
Error (±)

Flow Sensor
Frequency
Signal
0-500 Hz
0.034-2 gpm
0.0085 gpm

Pressure Sensor

DAQ

Analog Voltage

N/A

1-11 VDC
0-100 psia
0.25 psi

N/A
N/A
0.61 mVDC
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The flow sensor has a maximum sensor error of ±1 mm/sec, or 0.00451 gal/min. The additional
error is due to differences between the true frequency of the sensor output signal and the
estimated frequency calculated with LabVIEW. The accuracy of the method used to determine
frequency was established by comparing the absolute difference between a simulated signal of
known frequency and the calculated frequency. A square wave signal was generated at
frequencies between 0 and 500 Hz increasing in steps of 0.01 Hz every 0.2 seconds. Using the
same method and sampling protocol used for the Permeafor program, frequencies were
calculated given the input signal and the absolute difference between the two was determined for
each step. The percentage of input frequencies which resulted in the exceedance of a certain
absolute difference between the input and calculated frequencies was then determined as shown
in Figure 3.3.4. It can be seen that most of the calculated frequencies varied a small amount from
the actual frequencies and only a very small percentage varied by more than 0.25 Hz. Under
normal flow conditions, this analysis can be used to determine a maximum error of ±1 Hz, or
±0.004 gal/min, where 99.996% of frequencies are determined with less error.

Figure 3.3.4: Error of Frequency Calculation
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A combination of the sensor and frequency calculation errors leads to the maximum error of
±0.0085 gal/min. Due to the relatively short sampling period of 0.2 seconds the error of the
calculated frequency is significantly larger if the actual frequency is small. Figure 3.3.4 does not
include input frequencies from 0 to 8.5 Hz as it was observed that approximately half of those
resulting calculated frequencies varied more than 6 Hz from the actual, with variations
approaching those represented in Figure 3.3.4 as 8.5 Hz was approached. Therefore, the usable
range of the flow sensor should be limited between 0.034 and 2 gal/min. The error of pressure
measurement is only attributed to the sensor itself. In both cases any variation due to the DAQ
are negligible as it is a 14-bit instrument with a resolution of 0.61 mV.
3.4. Calibrations
3.4.1. Head Loss
Flexible tubing made of PVC with polyester braiding has been shown to be both rugged
and suitable for applied pressures. The diameter of this tubing must be less than 5/8” and long
enough to be run through the required length of drilling rods for the investigation while
maintaining enough slack to maneuver the rods into place. The small diameter and long length of
the tubing result in significant head losses that must be accounted for in the test measurements.
To determine the effective head, flow dependent losses need to be removed from the total head.
Head losses are primarily due to the flexible tubing and the probe, requiring a separate
calibration for each set of tubing and probe design.
The calibration is performed by obtaining two sets of information; head loss under
different constant heads and, measured flow under the same applied constant heads. The set of
head loss values is found by measuring the vertical height of ejected water under an applied
hydraulic head. Figure 3.4.1 shows an example where the ejected height would be approximately
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3 inches. This process is completed using a minimum of four different applied heads. The head
loss for each iteration may be found using equation 3.4.1.
H =H −H
where:

(3.4.1)
HL = amount of head lost throughout entire system (cm)
Ht = total head determined at tubing outlet (cm)
He = vertical height of water ejected from tubing (cm)

Figure 3.4.1: Measurement of Ejected Water

This representation of head loss throughout the entire system can be simplified as the
actual effective pressure is already directly measured by the pressure sensor, limiting the need
for a head loss calibration to only flow paths downstream from the sensor. Equations 3.4.2 and
3.4.3 can be used to represent isolated head loss between the pressure measurement and tubing
outlet by accounting for a value of head that includes effective and total head. As an example, if
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head losses only occurred upstream of the pressure sensor then the height of ejected water, He,
would be equal to Hm plus Hg.
𝐻 =𝐻
where:

(3.4.2)

−𝐻
HL = head loss due to tubing (cm)
HET = partial effective and total head at tubing outlet (cm)
He = vertical height of ejected water (cm)

𝐻

(3.4.3)

=𝐻 +𝐻

where:

Hm = effective head measured at pressure sensor (cm)
Hg = total head attributed to height difference between sensor and tube outlet (cm)

Head loss at the varying head levels can most simply be found by fixing the tubing outlet height,
Hg, and using the pump to vary total head by increasing or decreasing Hm. This measurement
process is shown in Figure 3.4.2.

Figure 3.4.2: Head Loss Measurements
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The second set of values is found by connecting the probe and measuring the flow rates
that occur under the same head levels. This can be completed by using the pump to vary Hm
while the gravity head is maintained by submerging the probe in an overflowing bucket of water
to keep the head constant, as shown in Figure 3.4.3.

Figure 3.4.3: Measurement of Flow Given Different Applied Heads

Using at least four sets of measurements, a trend of head loss with respect to flow can be
established either by using curve fitting methods or by solving equation 3.4.4 for constants a, b,
and c to develop equation 3.4.5. Any negative head loss values calculated at low flows are set to
zero as it is likely that the losses are small enough to be negligible and cannot physically be
negative.
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(3.4.4)

Q = measured flow with probe attached at each head level (cm3/sec)
N = number of sets of data acquired
HL = head loss measured during calibration (cm)

H = aQ + bQ + c
where:

(3.4.5)

Q = flow through system (cm3/sec)
HL = head loss in system (cm)
Two calibrations were completed, one for the middle screen probe configuration and

another for the tip, both attached to the same 100 ft length of 3/8 in. inside diameter tubing. The
calibration results are summarized in equations 3.4.6 and 3.4.7, with flow in units of in.3/min and
head loss in inches. The results are also graphed in Figure 3.4.4 for the middle and the tip. These
results are compared to reported head loss values for the same diameter tubing. As can be seen,
the difference between calibrations and the reported values is small, though losses incurred by
the tip screen are slightly larger. This difference is likely due to the smaller permeable area of the
tip screen in comparison to the middle, causing a larger exit velocity and therefore more
turbulent flow. The equations can then be used to determine head loss at any flow measured
throughout a Permeafor test. For example, for the middle screen configuration and a flow of 231
in.3/min (1 gal/min), equation 3.4.6 can be used to determine that approximately 190 in. (16 ft) of
head loss would be incurred.
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𝐻
𝐻

= 0.00196𝑄 + 0.567𝑄 − 44.853
= 0.00214𝑄 + 0.483𝑄 − 29.210

(3.4.6)
(3.4.7)

Figure 3.4.4: Flow vs Head Loss Calibration for Middle and Tip Screen Probe Configuration

3.4.2. Turbulent Flow
To evaluate hydraulic conductivity from Permeafor testing it was determined in Section
2.6.2 that flow must be laminar. As the probe dimensions and properties of water are constant
and a Reynold’s number of 5 can be conservatively used, critical flow can be determined as a
function of effective grain size diameter only. Figures 3.4.5 and 3.4.6 or equations 3.4.8 and
3.4.9 can be used to verify laminar flow for a test completed with the middle or tip screen
configuration, respectively. For example, for the middle screen configuration and a granular soil
with a D10 of 0.04 cm, a flow less than approximately 2.2 gal/min must be maintained to satisfy
laminar flow conditions for a Reynold’s number of 5.
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Figure 3.4.5: Critical Flows for Middle Screen Configuration

Figure 3.4.6: Critical Flows for Tip Screen Configuration

𝑄

𝑄
where:

𝑅
0.066
𝑔𝑎𝑙
𝐷
=
𝑚𝑖𝑛
3.78
𝑅
0.034
𝑔𝑎𝑙
𝐷
=
𝑚𝑖𝑛
3.78

(3.4.8)

(3.4.9)

Rec = typically 5-10 for granular soils
D10 = effective grain size diameter (cm)

3.5. Test Method
To complete a profile of permeability, water is supplied to the probe during penetration
as well as during stationary tests. Penetration can be completed using a variety of methods,
though the UNH probe was designed for compatibility with standard US drilling rigs. During
probe advancement, penetration resistance is recorded while the pump maintains a flow
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sufficient to prevent the screen from getting clogged. To conduct a permeability test, probe
advancement is stopped and total head at the probe is maintained constant while flow and
pressure measurements are made. These measurements are typically continued for 15-30 minutes
before removing the probe or continuing to the next test depth. Data collected at each test depth
can then be used to determine Q/H’ and ultimately estimate soil permeability.
3.5.1. Q/H’ with Time
The first step of determining Q/H’ at each recorded time interval is to convert measured
pressure into head using equation 3.5.1.
𝐻 =

𝑃
𝛾

where:

(3.5.1)
H = pressure head (cm)
P = measured water pressure (N/cm2)
γw = unit weight of water (N/cm3)

The effective head at time, t, can then be defined using equations 3.5.2, 3.5.3, 3.5.4, and 3.5.5
depending on the depth of the probe screen relative to the depth of the water table, dw, as shown
in Figure 3.5.1.
Case I: Probe above water table, 𝑑 − 𝑑 < 𝑑
𝐻(𝑡, 𝑑) = 𝐻 (𝑡) + (𝑑 + 𝑑 − 𝑑 )
where:

(3.5.2)

Hm (t)= measured pressure at each time step, converted to head (cm)
d = depth of probe tip from ground surface (cm)
ds = distance between pressure sensor and ground surface (cm)
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d’ = distance between probe tip and middle of permeable screen (cm)
dw = depth of groundwater table from ground surface (cm)
Case II: Probe below water table, 𝑑 − 𝑑 ≥ 𝑑
𝐻(𝑡, 𝑑) = 𝐻 (𝑡) + (𝑑 + 𝑑 )

(3.5.3)

Using the applicable case:
𝐻 = 𝐻(𝑡, 𝑑) − 𝐻 (𝑡)
where:

(3.5.4)

H(t,d) = total head at time, t, and probe depth, d (cm)
HL(t) = head loss at time, t (cm)

𝐻 (𝑡) = 𝑎𝑄(𝑡) + 𝑏𝑄(𝑡) + 𝑐
where:

(3.5.5)

a, b, and c = head loss coefficients
Q(t) = measured flow with units corresponding to a, b, and c (cm3/sec)
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Figure 3.5.1: Head Measurements Needed to Determine Q/H’

The ratio of flow to effective head may then be determined using those values, with proper units,
at each time step. Using the recorded information about driving, Q/H’ and its corresponding time
can be isolated so the series of values represents a single test at depth. Graphing these values
then allows for the changes in Q/H’ to be observed over the test duration. As discussed in
Section 2.6.3, how Q/H’ changes over time and the way it responds to test condition changes will
help validate the relationship to hydraulic conductivity. The two major characteristics that
indicate a successful test are that the ratio Q/H’ becomes approximately constant over time, and,
that changes in applied head do not significantly affect the ratio as it stabilizes with time. If these
characteristics are observed the constant Q/H’ value may be related to hydraulic conductivity
using the methods discussed in Section 2.6.1, though a suggested replacement to the shape factor
equations presented in Table 2.6.1 is offered in the following section.
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While a steady-state Q/H’ condition indicates that hydraulic conductivity can be properly
measured, it is likely that steady-state conditions can also be reached after soil conditions are
changed due scouring or hydraulic fracturing. These actions may cause the migration of fines,
resulting in grain size distribution changes, or the opening of fractures, with both potentially
increasing the measured permeability. However, similar to a pump test, as the volume of soil
within the test zone increases with test time the effect of local soil disturbance decreases.
Furthermore, the potential for soil disturbance can be minimized by maintaining small flow rates
throughout the test duration.
3.5.2. Modification of Shape Factor
In this section, the methods used to determine the shape factor for a Permeafor test are reexamined to assess which solution would be most applicable to the Permeafor test conditions.
Unlike the Lefranc or borehole infiltration tests, the cavity created by the Permeafor does not
have a permeable bottom as this face is blocked by the probe which continues beneath the cavity.
Consequently, water can only flow out of the sides of the cylindrical cavity. As a result, the
traditional formulas need to be adapted to this flow configuration by applying the modification
proposed by Chapuis (1989). As discussed in Section 2.2.1, the shape factor modification can be
used to represent a cylindrical cavity with an impermeable base by subtracting 2.75 from the
original normalized shape factor, C/D. Furthermore, the method by Silvestri et al. (2013), also
discussed in Section 2.2.1, is a more accurate representation of the actual shape factor for flow
through a cylindrical cavity. This method uses an exact representation of the cylindrical shape
instead of an approximated solution using an ellipse or sphere. In addition, this formulation is
applicable over a wide range of L/D values, as it was developed for ratios from 0 to 16 leading to
a single expression for all L/D values. By combining this expression with the modification for an
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impermeable base, a more appropriate normalized shape factor can be determined using equation
3.5.6. A modification of 2.8 instead of the 2.75 as suggested by Chapuis (1989) was used to
reflect that the shape factor should be equal to zero when the aspect ratio (L/D) is equal to zero,
as if the cylinder length is zero there is no permeable area for flow to occur. The resulting shape
factor is defined in equation 3.5.7 and the normalized factor with respect to aspect ratio is shown
in Figure 3.5.2.
𝐶
𝐶
=
𝐷
𝐷

−

where:

𝐶
𝐷

= 2.8 + 3.79

𝐿
𝐷

.

− (2.8)

(3.5.6)

(C/D)A = original normalized shape factor by Silvestri et al. (2013)
(C/D)B = modification of normalized shape factor for impermeable bottom

𝐿
𝐶 = 3.79𝐷
𝐷

.

0<

𝐿
< 16
𝐷

(3.5.7)

Figure 3.5.2: Modified Normalized Shape Factor for Determination of Hydraulic Conductivity
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CHAPTER 4

4. TEST SITES

4.1. Introduction
During the summer of 2019, Permeafor testing was conducted at three sites located in
New Hampshire: Newington, Ossipee, and Merrimack. This chapter describes the soil conditions
at the sites and includes the results from laboratory and in situ testing performed as part of this
project or using work previously completed by the New Hampshire Department of
Transportation. A summary of Permeafor testing and other available site information is provided
in Table 4.1.1.
Table 4.1.1: Testing Program in New Hampshire

Site

Start
Date

End
Date

Depth
(ft)

Number of Test
Methods Applied

Newington

7/9/2019

7/9/2019

0 to 13.5

1

8/20/2019 8/26/2019

0 to 23

4

Merrimack 9/16/2019 9/20/2019

0 to 20

4

Ossipee

Comments
Preliminary tests to
evaluate Permeafor
system
Includes NHDOT
SPT, soil sampling,
and borehole
infiltration
information
Includes NHDOT
borehole infiltration
testing
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4.2. Newington, NH
Testing in Newington, NH was conducted at an NHDOT work site near the on-ramp of
exit 4 on the Spaulding Turnpike. The purpose of this testing was to determine if the Permeafor
was operating as designed and constructed and if the test procedures and data acquisition could
provide the information needed to find Q/H’ and hydraulic conductivity. Following the
preliminary testing in Newington, several modifications to the test set up and procedures were
implemented for a testing program in Ossipee, NH.
4.3. Ossipee, NH
Testing in Ossipee, NH took place at a NHDOT bridge construction work site on Route
16 where the road crosses the Bearcamp River as shown in Figure 4.3.1. One SPT and two
borehole infiltration tests were completed on site. Soil sampled down to 10 ft below the ground
surface indicated a profile of primarily silty sand. An adjacent cased borehole was used to
observe the groundwater level during testing. The groundwater table at the site was at 5.5 ft.
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Figure 4.3.1: Ossipee, NH Test Location (Google, 2019)

4.3.1. Soil Classification
Borehole, B-1 was used to collect soil samples continuously using the SPT from the
surface to 10 feet below the ground. Two boreholes previously completed by the NHDOT close
to the test location were also used as supplemental driving resistance and soil sample results.
Figure 4.3.2 shows the SPT driving resistance as N-values.
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Figure 4.3.2: Ossipee SPT N Driving Resistance

Sieve analyses were conducted on each sample obtained with B-1 and two samples from DOT-1
and DOT-2 were selected to determine the grain size distribution, the coefficient of uniformity,
CU, and the coefficient of curvature, CC, as shown in Figure 4.3.3 and in Table 4.3.1. The
samples contained a significant amount of fines, with field observations and previous
explorations by the NHDOT indicating silt. The majority of the specimens can be classified as
silty sand (SM) according to the USCS, with only those from 3.5 to 4 ft and 8 to 10 ft differing,
classified as silt and poorly graded sand with silt (SP-SM), respectively. A significant amount of
fibrous organic material was also observed in the samples to a depth of approximately 6 ft. Given
the soil classifications and its proximity to the Bearcamp River it is likely that the soil was
deposited over time during flood events, creating distinct layering. Both NHDOT soil samples
included were classified as poorly graded sand and were noted to likely be alluvium. Though the
majority of Permeafor tests at this site were conducted from 0 to 13.5 ft below the ground
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surface, there were also two tests conducted at 18 and 23 ft. For that reason, the deeper sample
from 20 to 22 ft is also shown in these results.

Figure 4.3.3: Ossipee Borehole B-1, DOT-1, and DOT-2 Samples Grain Size Distribution
Table 4.3.1: Ossipee B-1 Samples Sieve Analysis Results

Borehole
B-1
B-1
B-1
B-1
B-1
B-1
DOT-1
DOT-2

Sampling
Depth (ft)
0 to 2
2 to 3.5
3.5 to 4
4 to 6
6 to 8
8 to 10
8 to 10
20 to 22

Percent Fines
28.5
42.9
54.9
32.5
24.4
9.1
4.8
2.4

D10
(mm)
̶
̶
̶
̶
̶
0.07
0.15
0.17

D30
(mm)
0.08
̶
̶
̶
0.08
0.12
0.20
0.36

D60
(mm)
0.16
0.10
0.09
0.11
0.15
0.21
0.28
0.75

CU

CC

̶

̶
̶

̶
̶

̶
̶

̶

̶
2.8
1.9
4.3

̶
0.9
0.9
0.9

4.3.2. Hydraulic Characterization
Hazen (1911), Prugh (1959), and Alyamani and Sen (1993) grain size relationships to
hydraulic conductivity, discussed in Section 2.4.3, were used to estimate the coefficient of
permeability. Of the samples obtained with borehole B-1, only the sample from 8 to 10 ft could
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be related to hydraulic conductivity as the percent passing the No. 200 sieve for the remaining
samples was larger than 10% such that D10 could not be determined and used in these empirical
relationships. To supplement this, additional empirical relationships to hydraulic conductivity
were made using the samples obtained by the NHDOT. Results from both the UNH and NHDOT
information are given in Table 4.3.2.
Table 4.3.2: Ossipee Grain Size Relationship to Hydraulic Conductivity

Sample Depth (ft)
B-1
DOT-1
DOT-2

8 to 10
8 to 10
20 to 22

Hazen
0.0054
0.02
0.03

Hydraulic Conductivity (cm/sec)
Prugh
Alyamani and Sen
0.013
0.0061
0.038
0.022
0.055
0.038

Estimates made using the NHDOT samples differ significantly from that of the UNH sample
when using the Hazen and Alyamani and Sen methods. This can be expected, as the greater fines
content of the UNH sample would result in a less permeable material. Additionally, given the
classification of each sample, the magnitudes of hydraulic conductivity and spread of results is
reasonable. Figure 4.3.4, previously discussed in Section 2.4.3, shows the values of hydraulic
conductivity which might be expected depending on soil type. In comparison to these ranges, it
can be seen that the estimates given in Table 4.3.2 could be expected for the clean and silty sand
encountered at the sample depths.
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Figure 4.3.4: Hydraulic Conductivity Estimation For Soil and Rock (Freeze and Cherry, 1979)

Laboratory constant head testing was also conducted on the samples acquired from B-1.
The samples from 0 to 10 ft were uniformly mixed to reach a minimum specimen size. By
combining the sieve analyses of each individual sample, an estimated compounded sieve analysis
could be completed for the total mixed sample as shown in Figure 4.3.5.
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Figure 4.3.5: Ossipee Estimated Sieve Analysis of Mixed Samples from 0 to 10 ft

This mixing of soil grain sizes led to a less useful measurement of hydraulic conductivity, as it
was no longer representative of a specific soil and depth, but rather of a variety of soils mixed
from the surface to 10 feet below. To resolve this issue for subsequent testing a smaller diameter
test mold was constructed. Results for both the standard 4 in. compaction permeameter and the
custom 2.25 in. diameter permeameter are shown in Figure 4.3.6, where measurements were
taken approximately every minute for four minutes after sample saturation.

Figure 4.3.6: Hydraulic Conductivity Determined with Standard and Custom Permeameter
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As can be seen, the results are effectively the same for both methods, suggesting that the smaller
custom mold is acceptable for use in testing of soils of similar characteristics. For other soils,
proper use of this mold is dependent on the maximum particle size, which must be less than 1/6th
the diameter of the mold, or 0.375 in. (ASTM, 2015). The average hydraulic conductivity of
these four tests, 9.2x10-4 cm/sec, can then be used as the representative value determined using
the constant head test. This measurement of permeability is reasonable as the mixed sample can
be described as a silty sand, and as shown in Figure 4.3.4 it is in agreement with estimations for
that soil type.
In addition to laboratory methods, two falling head borehole infiltration tests were
completed at depth intervals of 3 to 5 ft and 8 to 10 ft. The upper test was above the water table
while the deeper test was below the groundwater level. This testing was conducted jointly with
DOT personnel and followed the prescribed NHDOT procedures. The upper infiltration test (3-5
ft, OS-BIT-2-1) was saturated for 30 minutes by filling the casing and allowing the water to flow
out of the bottom. Following this saturation period, the borehole was filled again and head
measurements were made at varying time intervals for 1.5 hour. The deeper test (8-10 ft, OSBIT-1-1) could not be saturated for the full 30 minutes as flows out were significant such that
water could not be maintained in the borehole the entire time. Measurements were made
similarly to the other infiltration test, however these large flows made the process difficult and
limited the test time to just 6 minutes after saturation was attempted. Furthermore, since the
measurements were made using a tape measure, the accuracy was greatly reduced by the rapid
drawdown.
Hydraulic conductivity was estimated using water height measurements taken over
various time intervals using the methods originally published by Hvorslev (1951), discussed in
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Section 2.5.5. For each set of water level measurements a value of hydraulic conductivity could
be calculated, resulting in several measurements made with time. The results of these
calculations for OS-BIT-1-1 and OS-BIT-2-1 are shown in Figures 4.3.7 and 4.3.8, respectively.
For both tests, hydraulic conductivity was observed to be relatively constant throughout the test
time with each value not varying more than one order of magnitude from the previous
measurement. This indicates that both test locations were properly saturated before
measurements began. The fluctuation in the measured values is likely due to water levels in the
borehole being recorded manually using a tape measure. Figure 4.3.7 shows an example
variation of test results given an inaccurate measurement of ±1 inch. In this case, the possible
error is greater at 4 minutes than at 1.25 minutes because the water level at 4 minutes is lower,
and therefore a change of 1 inch affects the hydraulic gradient more significantly. Another
source which could contribute to these fluctuations is that each water level measurement is
associated with a time, but for a quickly changing water level the measured height of water does
not always correspond to the intended time. Additionally, as shown in these tests, the magnitude
of error increases with a greater hydraulic conductivity, and that likely the actual hydraulic
conductivity follows a much less variable path but has been skewed by field measurement errors
that limit resolution to approximately half an order of magnitude greater or less than the actual
permeability measurement. To find a value which is representative of the measurements while
also minimizing inaccuracies of the measurements, the average of all hydraulic conductivity
values from each test was calculated, resulting in values of 0.226 and 0.00145 cm/sec for OSBIT-1-1 and OS-BIT-2-1, respectively.
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Figure 4.3.7: Ossipee Borehole Infiltration Test OS-BIT-1-1 Hydraulic Conductivity Measurements

Figure 4.3.8: Ossipee Borehole Infiltration Test OS-BIT-2-1 Hydraulic Conductivity Measurements

A summary of all results from Ossipee is shown in Figure 4.3.9. The difference between
methods is significant at several depths. One possible reason for these variations is that the
horizontal permeability is greater than the vertical, an effect commonly observed in soils that
were deposited by water (Cedergren, 1967). Pump testing results, acquired by NAVFAC (1985)
in the Mississippi and Arkansas river valleys, were used to develop the trend of in situ horizontal
hydraulic conductivity with respect to effective grain size diameter that is shown in Figure
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4.3.10. A comparison between permeabilities estimated using the figure and the Hazen grain size
correlation method found that the pump test results were approximately double those found using
the Hazen method at the same effective grain size, a difference much smaller than the variation
of results found in Ossipee. However, the wide spread of data used to develop the trendline also
suggests that horizontal hydraulic conductivity can vary significantly from the average value.
This observation is also supported by a study of layered sandy silt and silty sand deposited by
gradually receding water in Canada which found that horizontal hydraulic conductivity, even
over test intervals as small as 12 cm, can be as much as 200 times larger than vertical (Gernez et
al., 2019). These soil layering conditions are possibly present on site in Ossipee, as SPT samples
and site topography indicate that the material is an alluvium deposit.

Figure 4.3.9: Ossipee Hydraulic Conductivity with Depth
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Figure 4.3.10: Horizontal Permeability vs Effective Grain Size Diameter Found with Pump Testing
(NAVFAC, 1985)

In this context, it can be seen that the results are separated into horizontal and vertical
hydraulic conductivities. It is possible that OS-BIT-2-1, the laboratory constant head test, and the
grain size correlations better represent vertical hydraulic conductivity, especially as sample
disturbance for laboratory testing would have removed any layering in the soil which might have
otherwise increased the horizontal permeability. Conversely, given its much larger hydraulic
conductivity, OS-BIT-1-1 may have measured a horizontal or mixed horizontal and vertical
hydraulic conductivity. The difference in borehole infiltration testing results could have been
caused by several conditions, such as the accumulation of fines on borehole surfaces, smearing
during preparation of the borehole, or the overall densification of the test zone from driving the
casing to depth. The results indicate a range of hydraulic conductivities from about 0.001 cm/sec
at 5 ft to about 0.2 cm/sec at 9 ft. While this significant difference may be explained by
anisotropic soil permeability, it is also possible that infiltration test OS-BIT-1-1 provides
unreliable results.
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4.4. Merrimack, NH
Following the testing in Ossipee, a test program was conducted in Merrimack, NH on
state property off of Route 101A where the road intersects Boston Post Road, near Craftsman
Lane, as shown in Figure 4.4.1. Soil sampled down to 20 ft below the ground surface indicated a
profile of primarily poorly graded clean sand. Bedrock was encountered 20 ft below the ground
surface and nearby outcrops suggest that the bedrock dipped steeply. An observation well dug to
rock at a depth of approximately 20 ft was located about 50 ft from the test location. This well
was observed to be dry throughout the test program, and therefore all testing was assumed to be
conducted above the water table.

Figure 4.4.1: Merrimack, NH Test Location (Google, 2019)
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4.4.1. Soil Classification
Borehole, B-1 was used to collect soil samples continuously using the SPT from the
surface to 20 ft below the ground. Figure 4.4.2 shows the SPT driving resistance as uncorrected
and corrected N-values. Equations 4.4.1 and 4.4.2 were used to develop Table 4.4.1 which
provides the SPT Driving resistance as (N1)60, with correction factors corresponding to an
automatic hammer, 4 in. diameter borehole, standard sampler, combinations of 5 ft rods used to
reach the drive depth, and an assumed soil moist unit weight of 120 pcf.
(N )

=

NC η η η η
0.6

where:

(4.4.1)

N = SPT N-value found in field
CN = correction for overburden pressure
ηH = correction for hammer efficiency
ηB = correction for borehole diameter
ηS = correction for sampler
ηR = correctio for rod length

C =
where:

P
σ′

(4.4.2)
Pa = atmospheric pressure (100 kPa)
σ’v0 = effective overburden pressure (kPa)
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Figure 4.4.2: Merrimack SPT Driving Resistance
Table 4.4.1: Merrimack B-1 SPT (N1)60 Values

Depth (ft)
1
3
5
7
9
11
13
15
17
19

SPT
N-value
6
8
14
13
12
14
19
14
11
8

ηH
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7

SPT Correction Factors
ηB
ηS
ηR
1
1
0.75
1
1
0.75
1
1
0.75
1
1
0.75
1
1
0.75
1
1
0.75
1
1
0.75
1
1
0.85
1
1
0.85
1
1
0.85

CN
0.24
0.42
0.54
0.63
0.72
0.79
0.86
0.93
0.99
1.04

SPT (N1)60
1
3
6
7
8
10
15
13
11
8

Sieve analyses were conducted on each sample to determine the grain size distribution, the
coefficient of uniformity, and the coefficient of curvature as shown in Figure 4.4.3 and Table
4.4.2. Most of the soil profile could be classified as poorly graded sand (SP), according to the
USCS, and consisted of primarily coarse to medium grain size particles, with an average fines
content of 3.6%. Only the sample from 12 to 14 ft contained greater than 5% fines, at 5.12%.
Atterberg limits for this soil were not found, so according to the USCS the sample from 12 to 14
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ft could be classified as either poorly graded sand with silt (SP-SM) or poorly graded sand with
clay or silty clay (SP-SC).

Figure 4.4.3: Merrimack B-1 Sieve Analysis Results
Table 4.4.2: Merrimack B-1 Samples Sieve Analysis Results

Collection
Depth (ft)
0 to 2
2 to 4
4 to 6
6 to 8
8 to 10
10 to 12
12 to 14
14 to 16
16 to 18
18 to 20

Percent Fines D10 (in) D30 (in) D60 (in)
1.7
1.4
4.5
3.7
4.2
4.0
5.1
4.3
2.4
3.0

0.007
0.011
0.007
0.007
0.007
0.0069
0.0059
0.0059
0.0065
0.0058

0.015
0.019
0.016
0.014
0.015
0.016
0.014
0.013
0.010
0.0075

0.03
0.042
0.029
0.023
0.023
0.03
0.025
0.019
0.017
0.011

CU

CC

4.3
3.8
4.1
3.3
3.3
4.3
4.2
3.2
2.6
1.9

1.1
0.8
1.3
1.2
1.4
1.2
1.3
1.5
0.9
0.9

4.4.2. Hydraulic Characterization
The same three grain size correlation methods of Hazen, Prugh, and Alyamani and Sen
were also used to estimate the hydraulic conductivity of samples from B-1. The results of each
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method are given in Table 4.4.3, where it can be seen that uniformity in the soil profile resulted
in relatively small standard deviations of hydraulic conductivity.
Table 4.4.3: Merrimack Grain Size Relationship to Hydraulic Conductivity

Sample Depth (ft)
2 to 4
4 to 6
6 to 8
8 to 10
10 to 12
12 to 14
14 to 16
16 to 18
18 to 20
Standard Deviation
(cm/sec)

Hydraulic Conductivity Depending on
Method (cm/sec)
Hazen
Prugh
Alyamani and Sen
0.078
0.18
0.067
0.032
0.055
0.029
0.032
0.055
0.032
0.032
0.055
0.028
0.031
0.05
0.027
0.022
0.05
0.021
0.022
0.04
0.025
0.027
0.06
0.028
0.022
0.06
0.026
0.017

0.043

0.014

Laboratory constant head testing was also conducted on the samples acquired from B-1.
To facilitate testing on small samples, the custom permeameter discussed in the previous section
was used. The samples from 2 to 4 ft and 4 to 6 ft contained particles sized 0.375 in. or larger,
and therefore were not within the recommended maximum particle size, however, the percentage
of these particles by mass was small, at 2.5% and 0.7%, respectively. For each test, the average
of at least four relatively constant hydraulic conductivity measurements was used as the
representative constant head test value for that sample. The specimen relative density was also
approximately identified using the void ratio at the beginning of the test and the maximum and
minimum void ratios of each sample. Field relative density was also estimated using a
relationship to the SPT (N1)60 value found from B-1, developed by Liao and Whitman (1986) as
shown in Table 4.4.4.
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Table 4.4.4: Approximate Relationship Between SPT (N1)60 and Relative Density

SPT (N1)60

Soil
Description

Relative Density
(%)

<4
4 – 10
10 – 17
17 – 32
> 32

Very Loose
Loose
Medium Dense
Dense
Very Dense

0 – 15
15 – 35
35 – 65
65 – 85
85 – 100

Measured hydraulic conductivity and estimated relative density with sample depth is given in
Table 4.4.5. As shown, the two soil relative densities are similar though they do vary in some
cases. These measurements were observed to be similar to the grain size relationship methods
and within the range of expected hydraulic conductivities for clean sand provided in Figure 4.3.4
to be 1x10-4 to 1 cm/sec.
Table 4.4.5: Merrimack B-1 Samples Laboratory Constant Head Test Results

Sample
Depth (ft)
2 to 4
4 to 6
6 to 8
8 to 10
10 to 12
12 to 14
14 to 16
16 to 18
18 to 20

Hydraulic
Conductivity
(cm/sec)
0.011
0.011
0.010
0.014
0.027
0.009
0.012
0.012
0.011

Sample Relative
Density (%)

In Situ Relative
Density (%)

49
50
52
70
57
55
40
47
72

4
11
22
25
28
35
56
48
39

A borehole infiltration test, MK-BIT-1-1, previously completed by the NHDOT was used
to characterize in situ permeability on site. This test followed the recommended NHDOT
procedures which consisted of saturating the borehole for 30 minutes then conducting 4 falling
head infiltration tests, each of which was considered complete after either one hour of water level
measurements or until all water had flowed out of the borehole. The testing was completed at a
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depth interval of 12 to 14 ft. Groundwater levels were observed to be below that interval. At the
start of each falling head infiltration test trial the borehole was refilled with water. In this case,
large flow rates during the first and second infiltration trial resulted in those taking less than one
hour to complete. Other borehole infiltration tests at this site were reported to have very large
flows that prevented proper testing and required a significant volume of water, 200-300 gallons,
to be used in an attempt to saturate the zone before any tests could be conducted. These test
depths were abandoned.
Hydraulic conductivities calculated using borehole infiltration water level measurements
from each time interval are shown in Figure 4.4.4. As shown in the figure, a significant variation
of permeability from start to finish of the test is observed. These variations could be due to
several factors, such as, the test zone not being fully saturated before beginning each trial, the
gradual blocking of permeable surfaces by fines, or changes in the test zone soil density.
However, measurement variation from start to finish of each relatively stable portion was similar
to those observed in Ossipee. An average of the values measured during the last trial, after 108
minutes, was used to represent the hydraulic conductivity found using this infiltration test, as is
the standard procedure for the NHDOT. A hydraulic conductivity of 9.7x10-5 cm/sec was
determined. This is significantly smaller than the permeability which can be expected for
relatively clean sands. However, as shown in Table 4.4.2, this test may have been conducted in
soil with a fines content of approximately 5%. This may have led to a smaller measured
hydraulic conductivity as the expected ranges for clean sand and silty sand, given in Figure 4.3.4,
are approximately 1x10-3 to 1 cm/sec and 1x10-5 and 1x10-1 cm/sec, respectively.
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Figure 4.4.4: Merrimack Borehole Infiltration Test MK-BIT-1-1 Hydraulic Conductivity Measurements

A summary of all results from Merrimack is shown in Figure 4.4.5, where the hatched
area represents possible hydraulic conductivities from empirical grain size relationships. The
laboratory methods can be considered similar as it is common to observe differences between
measured hydraulic conductivities of up to one order of magnitude. However, the result from
borehole infiltration test MK-BIT-1-1 is significantly different, possibly due to differences in soil
type between the borehole infiltration and laboratory tests or by disturbances of the test zone that
may have resulted in unrepresentative measurements, as discussed previously.
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Figure 4.4.5: Merrimack Hydraulic Conductivity with Depth
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CHAPTER 5

5. PERMEAFOR TEST RESULTS AND ANALYSIS
5.1. Introduction
The Permeafor was advanced in a total of 13 boreholes at the Newington, Ossipee, and
Merrimack, NH sites. In total, 76 tests were carried out and used to estimate hydraulic
conductivity at these sites. Detailed information of the tests presented and discussed in this
chapter are provided in Appendix A.
To perform these Permeafor tests, the probe was driven continuously with an automatic
SPT hammer mounted on a track drilling rig as shown in Figure 5.1.1. For each profile,
penetration resistance against driving was measured by counting the number of hammer strikes
required to penetrate each six-inch interval of the Permeafor probe. To prevent potential
interference between test holes due to the high volume of injected water, each borehole was
conducted at least ten feet away from any other boring. Permeafor results from Newington are
not included in this thesis as the site was primarily used for initial troubleshooting of the tool and
supporting equipment. In all cases, after approximately 1 ft or less of penetration, the water
injected from the probe and into the soil did not run up the drilling rods to the ground surface,
suggesting that all flow was directed into the subsurface.
Minimum critical flow rates to avoid turbulent flow were determined using the methods
outlined in Section 3.4.2. At the Merrimack site, the largest effective diameter of the soil (D10)
was 0.28 mm which set the minimum critical flow rate for the middle and tip screen
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configurations to 3.1 and 1.6 gal/min, respectively. With the effective grain size diameter at the
Ossipee site being consistently smaller than at Merrimack, minimum critical flow rates at that
site would be larger. Flows above 3.1 and 1.6 gal/min for either configuration, the tip and midprobe screens, were not used during any stationary test at either site, and therefore flow
conditions were assumed to be laminar throughout.

Figure 5.1.1: NHDOT Drilling Rig Used to Drive Permeafor Probe

5.2. Test Data Acquisition and Analysis
At both sites, the Permeafor was driven to each test depth and used to measure hydraulic
conductivity in accordance with the methods outlined in Section 3.5 which consisted of operating
procedures and data processing and analysis methods. Of the driving resistances presented in this
chapter, the SPT and Permeafor driving resistances generally increased with depth, with the SPT
values typically smaller. The SPT is driven from the bottom of a cased borehole and the splitspoon sampler is hollow. Therefore, resistance is isolated to only the drive shoe as well as
friction along the 2 ft sampling interval. The amount of soil displaced during driving is also
much less for the SPT compared to the solid body of the Permeafor which is equipped with a
conical tip that displaces the soil laterally during penetration. Added to that resistance is friction
along the rods which increases throughout the continuous drive. This effect of rod friction can be
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seen in the results presented in the following sections, where at most depths SPT resistance was
less than or equal to that of the Permeafor. Nevertheless, disturbance occurs during driving for
both tests. For the SPT, it is as a result of its large area ratio and for the Permeafor it is as a result
of its projected area of 15.9 cm2.
At each test depth, probe advancement was stopped and measurements of flow and
effective head were made for approximately 15 to 30 minutes. An example of these
measurements from Permeafor profile 2 (PR-2) at Merrimack at a depth of 14.4 ft is shown in
Figure 5.2.1. For this test, immediately after the driving of the Permeafor stopped, the pump
system was changed from flow control to pressure control. To avoid possible interference from
driving, the start of the test interval was assumed to be the point at which pressure control was
observed to be relatively constant, occurring after approximately 25 seconds. The pressure at the
pump was set to 10 psi during the entire test interval and remained relatively constant, with the
average pressure being 10 ± 0.02 psi, with a maximum of 10.2 psi, and a minimum of 9.9 psi.
The graph shows the effective head decreasing with time as a result of the head losses from the
flow which started at 1 gpm. During the test, the flow is shown to decrease at a steady rate.
From these measurements, a ratio of flow to effective head (Q/H’) was calculated for
each time step. Figure 5.2.2 shows a graph of Q/H’ versus time. The response shows the ratio
decreasing with time towards steady-state conditions. With that steady-state value, hydraulic
conductivity was estimated using the relationship between Q/H’, hydraulic conductivity, and the
theoretical shape factor shown in equation 5.2.1, as suggested in Section 3.5.2. Using equation
5.2.2, defined previously in Section 2.2.1, a steady-state Q/H’ value of 0.102 ft2/min and a shape
factor, C, of 0.629 ft, the response shown in Figure 5.2.2 resulted in an estimated hydraulic
conductivity of 0.082 cm/sec. In comparison, the traditionally used shape factor for L/D of 0.96,
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discussed in Section 2.6.1 and given in equation 5.2.3, would result in a hydraulic conductivity
of approximately half of that value, at 0.044 cm/sec. Therefore, while hydraulic conductivities
determined using equation 5.2.1 will be larger than those found using the traditional shape factor
equations, the difference between results will be much smaller than one order of magnitude.
𝐿
𝐶 = 3.79𝐷
𝐷
𝑘=

.

1 𝑄
𝐶 𝐻

𝐶 = 𝐷2𝜋

0<

𝐿
< 16
𝐷

(5.2.1)
(5.2.2)

𝐿 1
+
𝐷 4

(5.2.3)

Figure 5.2.1: Example Flow and Effective Head Response, Merrimack, PR-2, 14.4 ft Using Middle Screen
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Figure 5.2.2: Typical Q/H’ Response

While the majority of Q/H’ responses were shaped similarly to the response presented in
Figure 5.2.2, the difference in Q/H’ magnitude from start to finish of each test and the time
required to reach steady-state differed. Most tests required 15 to 30 minutes of test time before a
steady-state value was reached, with few requiring more or less time than that. In all cases, the
time required was much longer than the 10 seconds suggested by the original method, which was
focused primarily on soil profiling instead of the determination of hydraulic conductivity. In
some cases, Q/H’ did not follow a smooth transition or reduce in magnitude from start to finish
as is shown in Figure 5.2.3. The flow and effective head measurements corresponding to these
tests, PR-7 and PR-8, are shown in Figures 5.2.4 and 5.2.5, respectively. However, the responses
shown, as well as the majority of tests similar to these, still resulted in a relatively steady-state
Q/H’ measurement. In both of these cases, the spike of Q/H’ was caused by an increase of flow
while effective head levels were stable previous to the change in flow. Though effective head
during both of these tests was consistently low, the flow rate was relatively high, above 1
gal/min, and may have translated to a water velocity through the soil large enough to fracture or
erode the soil. If present, these pathways would have allowed water to flow with more ease and
possibly result in the spikes shown. The rapid increase of flow may have also simply been due to
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the clearing of a blockage at the probe screen or cavity wall or the loosening of soil that had been
densified while driving. However, since both tests reached steady-state it is unlikely that
significant soil disturbance was the primary factor driving the response of Q/H’.

Figure 5.2.3: Irregular Q/H’ Response

Figure 5.2.4: Ossipee PR-7 at 13.3 ft Using Tip Screen Flow and Effective Head Response

108

Figure 5.2.5: Ossipee PR-8 at 13.3 ft Using Tip Screen Flow and Effective Head Response

In order to establish that the Q/H’ ratio can be used to determine hydraulic conductivity, a
series of three tests were conducted in Merrimack with different test conditions. In the first test,
shown in Figure 5.2.6(A), pressure at the surface was maintained at 10±0.05 psi throughout the
duration of the test using the pump, resulting in an approximately constant effective head. During
the second test, part B of the figure, the flow rate reduced rapidly, requiring that the pressure be
increased in increments of 2 psi (or 4.7 ft of head) starting at 10 psi and stepping up to 26 psi.
This increase of pressure at the surface is reflected by a series of effective head steps to larger
levels, with each step increasing the flow rate back to the approximate magnitude of the previous
level. Finally, the last test, part C of the figure, initially shows a behavior similar to test B though
after about 8 minutes the pump was used to control flow instead of head. At the beginning of the
test, 10 psi was applied by the pump at a constant level. Then in response to the quickly reducing
flow, the constant applied pressure was increased incrementally by 2 psi until reaching 30 psi.
After about 8 minutes, the pump was used to automatically increase the pressure needed to
maintain a flow of 0.2 gal/min instead, resulting in a pressure of about 43 psi at the end of the
test. The switch from pressure to flow control was made due to issues with the software which
resulted in unstable pressure control above 30 psi.
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As described, the conditions of each test were significantly different, where flow and
effective head responses, magnitudes, and event timelines were unique for each. However
regardless of this, as shown in Figure 5.2.6(D), the response of Q/H’ for each test is similar,
suggesting that Q/H’ is relatively independent of test procedures. The results from these 3 tests
indicate that the Permeafor measures a representative property of the soil instead of only an
indication of the ease of flow represented by the ratio Q/H’.
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Figure 5.2.6: Flow, Effective Head, and Resulting Q/H’ Measurements with Respect to Time

From the measurements of Q/H’ presented in Figure 5.2.6(D), hydraulic conductivity
with time was determined by applying the appropriate shape factor, as shown in Figure 5.2.7(A).
Figure 5.2.7(B) shows these possible measurements of hydraulic conductivity normalized by the
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final steady-state value of hydraulic conductivity. Though these measurements of hydraulic
conductivity prior to steady state are not theoretically accurate, the normalized response
demonstrates the importance of allowing Q/H’ to stabilize, as the difference in magnitude from
beginning to end of the test is quite significant. Additionally, a slight difference between final
hydraulic conductivity values found using the middle screen configuration, PR-1 and PR-2, and
tip screen configuration, PR-4, can be seen. In comparison to PR-2, PR-4 shows a slightly
smaller steady Q/H’ value on Figure 5.2.6(D) but results in a slightly larger hydraulic
conductivity measurement. This difference reflects the smaller permeable area which water may
flow through using the tip configuration. Less flow through a smaller area can be expected and is
accounted for by the representative shape factor. This observation demonstrates that Q/H’ may
only be used as a relative indication of soil permeability if test zone conditions are constant
between compared values, as different probe dimensions will result in different hydraulic
conductivities given the same steady-state Q/H’ value.

Figure 5.2.7: Possible Hydraulic Conductivity Measurements from Merrimack with Time
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Additional transient and steady-state hydraulic conductivity measurements are shown in
Figure 5.2.8 as a function of depth. Similar to the tests shown in Figure 5.2.7, the steady-state
hydraulic conductivity of these tests is significantly smaller than the values calculated before
steady-state. Additionally, the amount of variation from 10 seconds to steady-state is not
consistent throughout the profile. Though some tests varied more than others, the relative
difference between hydraulic conductivities calculated at the various times appears to be
approximately the same for most of the tests. This pattern, and the shape of each response in
Figure 5.2.7, suggests that Q/H’ measurements from each test will approach a steady-state value
along a curve of similar characteristics.
The characteristics of the normalized hydraulic conductivity curves shown in Figure
5.2.7(B) are identified in Figure 5.2.9, where exponential, logarithmic, and power law
expressions were fit to the response and the best fit was chosen. As shown, the middle and tip
screen responses were best represented by a logarithmic and power expression, respectively, with
the R2 values of each expression indicating a good fit with the data. The difference of fits would
suggest that, due to the much larger initial hydraulic conductivity, the response of measurements
made using the tip screen is significantly different from those of the middle screen. Additionally,
the close fit of each expression indicates that the original response could be accurately described
using a logarithmic or power law curve. As the shape of each response appears to be well
defined, it may be possible to approximately predict the steady-state parameters of future tests
using less recorded data, and therefore a shorter test time. This possibility is supported by
observations made using the normalized response of PR-1 from Figure 5.2.7(B), where only the
first 5 minutes of the response was used to develop a logarithmic expression which produced a
normalized value of about 1.01 after extrapolating to the full original test time of 15 minutes.
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Figure 5.2.8: Transient and Steady-State Hydraulic Conductivity with Depth

Figure 5.2.9: Curves Fit to Normalized Hydraulic Conductivity Response
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5.2.1. Measurements During Probe Advancement
During each drive to the various test depths, flow is maintained constant to prevent
clogging of the screen. Figure 5.2.10 shows a profile of Q/H’ that was determined using flow and
head measurements made during Permeafor penetration. The graph excludes the stabilized Q/H’
values found during stationary testing. Observations of Q/H’ during probe penetration showed
that the values fluctuate significantly with depth. As depth of probe advancement was not
accurately measured with time, the exact position of the probe screen was estimated to increase
linearly with time between test depths. As can be seen, Q/H’ peaks following each stationary test
as penetration is resumed. These peaks are due to the abrupt change in flow conditions between
the end of a stationary test and the beginning of probe advancement, where flow will become
more difficult at the end of a test and much easier as driving begins, possibly due to the method
used to advance the probe. Many of these large Q/H’ values result in unrealistic estimates of
hydraulic conductivity. For example, the largest value of Q/H’ in Figure 5.2.10 would result in a
hydraulic conductivity of 1.2 cm/sec, a value which would better represent gravel than the sand
which was being tested. Some of the smaller peaks of Q/H’ would result in hydraulic
conductivities within the range of reasonable values for sand, however, these values are still
significantly larger than those found using stationary testing.
These large variations are not observed in the French results which used a rotative
percussion drill to drive the probe. The increase in flow is likely caused by the more disruptive
dynamic loading imparted by the SPT hammer. It should also be noted that a shorter stationary
test duration of 10 seconds, in comparison to the 15 to 30 minutes used in this testing, would
result in a less significant change in flow conditions between stationary testing and driving.
Measurements made during driving using the SPT hammer appear to be unreliable and therefore,
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unless driving and testing methods are changed, the values measured during advance should not
be used directly to estimate hydraulic conductivity or relative permeability.

Figure 5.2.10: Merrimack PR-2 Q/H’ Measured During Driving in Comparison to Driving

5.3. Ossipee Results
Six of the Permeafor hydraulic conductivity and driving resistance profiles (PR) at this
site were completed, PR-3 through 8. With the exception of PR-3, each was terminated 13.5 ft
below the ground surface and testing began at a depth of 2 to 3 ft with subsequent tests
conducted at intervals of 2 ft. PR-3, PR-4, PR-5, and PR-6 were completed using the middle
screen configuration while PR-7 and PR-8 were completed using the tip configuration. A total of
28 successful Permeafor tests were conducted at the site. Most of the Q/H’ responses measured
at Ossipee followed a similar pattern to the tests presented in Figure 5.2.6 from Merrimack. An
example of a typical and irregular Q/H’ response from Ossipee is shown in Figure 5.3.1, with
corresponding flow and effective head measurements for responses from PR-6 and PR-7 shown
in Figures 5.3.2 and 5.3.3, respectively. Both of these tests were carried out under a constant
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pressure at the surface of 11 psi and 12 psi for PR-6 and PR-7, respectively. Changes in effective
head throughout the test were a result of head loss from the relatively large initial flow.
Additionally, though both tests resulted in a similar steady-state Q/H’ value, the responses were
different, and may have possibly been a result of blockages on the screen or cavity.

Figure 5.3.1: Example Q/H’ Responses from Ossipee

Figure 5.3.2: Ossipee PR-6 at 10.4 ft Using Middle Screen Flow and Effective Head Response
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Figure 5.3.3: Ossipee PR-7 at 9.3 ft Using Tip Screen Flow and Effective Head Response
Driving resistances and estimated hydraulic conductivities from the Permeafor tests are
shown in combination with supplemental site characterization results from Ossipee in Figure
5.3.4. The solid shaded region illustrates the range of Permeafor hydraulic conductivity results.
The soil profile at Ossipee consist primarily of silty sand which should translate into values of
hydraulic conductivity ranging from 1x10-5 to 1x10-1 cm/sec. Some samples classified as poorly
graded sand and thus larger hydraulic conductivities may also be reasonable. Permeafor
permeability measurements throughout the profile ranged primarily within one order of
magnitude between 0.053 and 1.86 cm/sec with a standard deviation for all Permeafor
measurements of 0.53 cm/sec. These results are approximately constant and somewhat expected
since the soil at the site is a uniform sand deposit. Measurements made at similar depths in
adjacent boreholes were also within one order of magnitude, suggesting good repeatability of the
tool and test method. Little difference between the permeability and driving resistance results
obtained using the two probe configurations was observed at this site.
While some of the results were within the expected range, there was a significant
difference between laboratory, borehole infiltration, and Permeafor results, where only the result
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of borehole infiltration test OS-BIT-1-1 was closely related to those of the Permeafor. These
differences may have simply been due to spatial variations in soil conditions, however, as
discussed in Section 4.3.2, the grouping of the different magnitude results may also be attributed
to a larger in situ horizontal permeability than would be implied by the soil grain size
distribution. If true, the validity of Permeafor measurements may be established by the close
relation to OS-BIT-1-1, a test that might have measured horizontal permeability similar to the
Permeafor. However even given the additional evidence of anisotropic permeability provided by
the Permeafor, more testing at this site would need to be conducted to confirm the stratigraphic
conditions.
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Figure 5.3.4: Ossipee Comparison of All Hydraulic Conductivity and Driving Resistance Results
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5.4. Merrimack Results
At this site, four profiles were completed. PR-1 and PR-2 used the middle screen
configuration and PR-3 and PR-4 the tip configuration. Testing began 2 to 3 ft below the surface
and continued in 2 ft intervals until driving was terminated at approximately 20 ft. Permeafor
profiles and supplemental site characterization results from Merrimack are shown in Figure
5.4.1, where the solid shaded region illustrates the spread of Permeafor hydraulic conductivity
results. Permeability measurements throughout the profile primarily ranged within one order of
magnitude between 0.008 and 0.586 cm/sec, with a standard deviation of all Permeafor results of
0.12 cm/sec. Measurements made at similar depths in adjacent boreholes also ranged within one
order of magnitude. Closer to the surface, permeability was observed to be greater, possibly due
to the lower soil density, as indicated by the smaller driving resistance, though beyond
approximately four feet no significant correlation between permeability and driving resistance
was observed. Measurements were distinctly grouped by probe configuration at several depths,
though this grouping could simply be due to the slightly different depth at which tests of the two
configurations were completed. For example, from 2 to 4 ft measurements made using the
middle screen, PR-1 and PR-2, and the tip screen, PR-3 and PR-4, are grouped by probe
configuration while those groupings differ by about one order of magnitude.
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Figure 5.4.1: Merrimack Comparison of All Hydraulic Conductivity Results

122

Permeafor results related well to laboratory methods but varied significantly from
borehole infiltration test MK-BIT-1-1. These Permeafor measurements further support the
possibility that the result of MK-BIT-1-1, which is significantly different than the expected
permeability of a clean sand as discussed in Section 4.4.2, is inaccurate. Permeafor driving
resistance was observed to be greater than SPT, especially as depth increased. Similarly to
Ossipee, this variance from SPT results was likely due to the collapse of soil onto the rods,
increasing frictional resistance. The effect of this frictional resistance is indicated by the
measurements called out from 12.5 to 13.5 ft on PR-1, where at 12 ft the probe was removed and
the hole was cased to the new drive position. The probe was then driven from the bottom of the
casing, resulting in a significantly smaller driving resistance which was similar to that of the
SPT. As the SPT and Permeafor driving resistances are fairly constant from 8 to 20 ft, it can be
assumed that friction along the Permeafor drive rods is also approximately constant. Therefore, it
is likely that the resistance due to friction along the drive rods from 8 to 20 ft can be estimated as
the difference between the resistance of PR-1 and the average resistance of the remaining
Permeafor profiles from 12.5 to 13.5 ft. For future testing, it may be possible to estimate friction
along the drive rods more quickly by advancing the probe, pulling it up a few feet, and then
driving back into the pre-driven hole, as this would likely isolate the effect of friction on the
rods.
5.5. Repeatability
As shown in the site specific results, hydraulic conductivity measurements of different
tests at the same or similar depth were typically very close. Permeafor hydraulic conductivity
results from each site and their absolute and relative percent differences are listed in Table 5.5.1
and averages of these values from both sites under different conditions are given in Table 5.5.2.
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Relative percent differences of the results were found by dividing the absolute difference of two
tests at a depth by the average of those two values. This assessment provides a value that
considers how large the difference is in comparison to the overall magnitude of the
measurements.
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Table 5.5.1: Measurement Variation Between Tests at Depth
Ossipee
Depth
(ft)
2.4
3.3
4.4
5.3
6.4
7.3
7.9
8.4
9.3
10.4
11.3
12.4
12.9
13.3
17.9
22.9
27.9

Merrimack

Profile Permeability
Difference
Number (cm/sec)
(%) (cm/sec)
PR-5
PR-6
PR-7
PR-8
PR-6
PR-7
PR-8
PR-4
PR-6
PR-7
PR-8
PR-3
PR-4
PR-6
PR-7
PR-8
PR-4
PR-6
PR-7
PR-8
PR-4
PR-6
PR-3
PR-7
PR-8
PR-3
PR-3
PR-3

0.503
0.719
0.693
0.739
0.283
0.690
0.906
0.068
0.227
0.428
0.683
0.254
0.346
0.153
0.122
0.454
0.148
0.053
0.150
0.450
1.186
0.203
1.866
1.790
0.897
1.494
0.348
1.564

Depth
(ft)

35%

0.216

2.4

6%

0.046

3.3
4.4

27%

0.215
5.3

107%

0.158
6.4

46%

0.254

77%

0.193

7.3
7.9
8.4
9.3

115%

0.332

94%

0.095

100%

0.300

9.9
10.4
11.3
12.4

142%

0.983

13.3
14.4

66%

0.893
15.3
16.4
16.8
17.3
18.4
19.3

Profile Permeability Difference
Number (cm/sec) (%) (cm/sec)
PR-1
PR-2
PR-3
PR-4
PR-1
PR-2
PR-3
PR-4
PR-1
PR-2
PR-4
PR-1
PR-2
PR-3
PR-4
PR-1
PR-2
PR-3
PR-4
PR-1
PR-2
PR-4
PR-1
PR-2
PR-3
PR-4
PR-1
PR-2
PR-2
PR-4
PR-1
PR-3
PR-4

0.049
0.037
0.310
0.586
0.036
0.015
0.013
0.020
0.009
0.013
0.037
0.010
0.120
0.100
0.043
0.011
0.053
0.008
0.028
0.034
0.063
0.035
0.009
0.083
0.015
0.016
0.057
0.082
0.396
0.016
0.008
0.009
0.047

29%

0.012

62%

0.276

81%

0.021

41%

0.007

37%

0.004

80%

0.057

110%

0.020

60%

0.029

162%

0.075

9%

0.001

36%

0.025

136%

0.038
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Table 5.5.2: Averages of Variations at the Ossipee and Merrimack Sites

All Results
Middle Screen
Tip Screen
Average Difference of
Results from Same Absolute Percent Absolute Percent Absolute Percent
Depth at Each Site (±cm/sec) Average (±cm/sec) Average (±cm/sec) Average
Ossipee
0.34
74%
0.33
91%
0.34
60%
Merrimack
0.047
70%
0.028
68%
0.066
73%
The average difference between hydraulic conductivities measured at the same depth for
Ossipee and Merrimack was 0.34 and 0.047 cm/sec and the average percent difference was 74%
and 70%, respectively. The greater variation in results from Ossipee, by both measures, may
indicate that the Permeafor is more repeatable in clean sandy soils, similar to those encountered
in Merrimack. However, the similar measures of relative percent difference may also indicate
that the amount of variation in the measured hydraulic conductivity of similar soils increases or
decreases proportionally with the magnitude of actual soil permeability. If true, this would mean
that the repeatability of Permeafor results is proportional to the actual hydraulic conductivity of
the soil being tested. However, as data acquired was limited, it is also possible that the observed
variation in results is not linked to either of these trends, but instead, it is simply due to variation
in actual soil conditions.
Results using the two probe configurations were not found at the same depth, so a direct
comparison between probe designs could not be assessed without considering the possibility of
changing soil conditions. However in general, results obtained using the tip screen varied slightly
more in magnitude at both sites, with the average difference between measurements made using
the middle and tip screen being 0.33 and 0.34 cm/sec in Ossipee and 0.028 and 0.066 cm/sec in
Merrimack, respectively. The average percent difference from Merrimack followed the same
trend with the middle and tip averages being 68% and 73%, however the relative percent
difference values from Ossipee, 91% and 60%, respectively, did not.
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This greater variability could reasonably be expected, as the two probes produce different
soil conditions surrounding the test cavity, where the middle screen configuration is more
constricting of the direction of flow and the tip is less constricting. For both, soil is displaced as
the probe is driven, with its tapered shape creating zones of different soil conditions. The
diameter of the upper tapered section of the probe is such that it creates a cavity of
approximately double the cross-sectional area of the smallest diameter of the probe, at the tip.
This doubling of cavity area is associated with the limit pressure of the soil, and therefore the
layer of soil immediately surrounding the probe is densified and the permeability of that soil
potentially decreases, forcing the flow to remain at and below the screened section. Due to this,
when the screen is located at the center, flow out will be primarily in a horizontal radial direction
as vertical flow along the probe is less likely. However, when water flows out of the probe close
to the tip, less restrictive soil displacement below the cavity is likely to have occurred. Therefore,
water is more free to travel horizontally and vertically, in a fan-like shape. The differing flow
direction and amount could then result in a measurement other than the typical horizontal
hydraulic conductivity measurement of the middle screen design. This less restrictive flow path
created by the tip screen configuration could also have possibly resulted in the increased
variability of hydraulic conductivity results.
The Q/H’ responses of PR-3 and PR-4 from Merrimack, both at a depth of 15.3 ft and
using the tip configuration, are compared in Figure 5.5.1, where stabilized values of hydraulic
conductivity only differed by 0.001 cm/sec, or a relative percent difference of 9%. The sawtooth
shape of each response represents the incremental increase of applied effective head required to
maintain flow during a test. The shape of each response with time is similar, with Q/H’ results
following the same approximate path as it approached a stabilized value.
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Figure 5.5.1: Two Similar Permeafor Tests at the Same Depth from Merrimack

Another pair of tests from Ossipee, as shown in Figure 5.5.2, exhibit a much larger difference
between stabilized hydraulic conductivity values with a variation of 0.983 cm/sec, or a relative
percent difference of 142%, though this difference is still within one order of magnitude. The
spikes seen in the response of PR-4 are due to the rapid increase of applied head at large flows.
At the beginning of each peak, the pump was used to increase head, resulting in a temporarily
large effective head, as pressure increased more quickly than flow creating a disproportionally
small amount of head loss for a short time. However once the flow rate had reacted to the
increase of head, the response of Q/H’ was similar to that of the previous head level, indicating
proper test conditions. While both tests follow the same overall downward trend, the shape of
that trend is different, where PR-6 follows a more typical shape while the slope of PR-4 is much
more shallow. Given the small slope of PR-4, it is possible that this response would have
continued to reduce if the test was continued. However, it is also possible that the soil conditions
could have differed between locations, causing PR-4 to measure a larger permeability.
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Figure 5.5.2: Two Different Permeafor Tests at the Same Depth from Ossipee

5.6. Summary of Results and Analysis at Ossipee and Merrimack, NH
For the two sites investigated, the agreement of Permeafor results with other site
characterization methods is promising. Results from Merrimack were observed to be more
consistent with the laboratory constant head and grain size relationship site characterization
methods than those of Ossipee, however, results from Ossipee did compare well to one of the
two completed borehole infiltration tests. At both sites, good repeatability of Permeafor
measurements at similar depths suggested that the tool is capable of reliably measuring a similar
hydraulic conductivity in the same soil and conditions. In most cases, hydraulic conductivities
measured using the middle screen were more repeatable, however some evidence from Ossipee
suggested better repeatability of the tip screen. As no configuration was clearly more effective, it
cannot be concluded whether one is more useful than the other without additional test data. The
validity of Permeafor results is further supported by the analysis of Q/H’ with time, where it was
found that the value is independent of test conditions, instead, only depending on the
permeability of the soil. Though these results are promising, more test data would need to be
acquired if stronger conclusions about the performance of the Permeafor are to be made.
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CHAPTER 6

6. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS
6.1. Summary
The Permeafor probe, originally designed to identify the relative hydraulic properties of
soils in situ, was used in this research to investigate its potential to measure hydraulic
conductivity. The tool was built at the University of New Hampshire based on the existing
French design. With a modified test procedure, the tool was used at two sites in New Hampshire
to estimate hydraulic conductivity and driving resistance with depth. A series of 12 profiles,
consisting of 76 hydraulic conductivity tests in total, were used to establish the usability and
accuracy of the Permeafor. Hydraulic conductivity was related to a ratio of measured flow to
applied effective hydraulic head (Q/H’) using a theoretically defined shape factor. Permeability
results obtained with the Permeafor were compared to those of commonly used laboratory and
field methods. Test measurements with time were also used to determine if the response of Q/H’
was reflective of the steady-state conditions necessary to properly evaluate hydraulic
conductivity in situ.
6.2. Conclusions
Based on the results from the Permeafor and the comparisons made with other methods of
evaluating permeability in the laboratory and in situ, the following conclusions can be made:
1.

The Permeafor probe and system constructed in this work has been shown to be suitable

for use in the evaluation of hydraulic conductivity. Use of the probe in different soil conditions
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has demonstrated that the tool is rugged, robust and that it is relatively simple and easy to
implement using standard geotechnical exploration equipment. Furthermore, it was observed that
the probe design and penetration method used was effective in preventing vertical flow along the
rods after approximately one foot of penetration. Data acquired using the Permeafor support
system has verified that acquisition and control equipment and software are capable of providing
the measurements needed to properly conduct testing using the Permeafor without significant
training or prior knowledge.
2.

Comparisons between hydraulic conductivities measured using the Permeafor and other

laboratory and field methods are generally in good agreement and within one order of
magnitude, however in some cases measurements varied more significantly. The strongest
correlation was observed at the Merrimack site where the Permeafor results were closely related
to the laboratory methods. Permeafor and laboratory measurements at this site were
approximately two orders of magnitude larger than the results from borehole infiltration test
MK-BIT-1-1. However, as this measurement of hydraulic conductivity was much smaller than
the value expected for the relatively clean sand present throughout the majority of this site, it is
possible that this test result was unreliable.
Permeafor results from the Ossipee site varied approximately one to three orders of
magnitude from those of the laboratory methods, however, Permeafor measurements did relate
well to one of the two borehole infiltration tests. These differences were possibly due to
anisotropic soil conditions caused by layering in the alluvium deposit. These conditions may
have caused the horizontally directed Permeafor hydraulic conductivity to be much larger than
the laboratory values which better represent an average value, due to the loss of soil structure
during testing. However, based on the limited number of tests at this site, there is insufficient
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information to arrive at a conclusion with confidence, as observed differences may also have
simply been due to spatial variability in soil conditions.
3.

Investigation of Q/H’ with time indicated that the steady-state value needed to properly

measure hydraulic conductivity was typically reached after about 15 to 30 minutes. This steadystate condition was also shown to be independent of variable test conditions such as, applied
effective head and magnitude of laminar flow. Furthermore, responses of Q/H’ with time
followed a similar logarithmically shaped path, with the response becoming increasingly
horizontal with time. Similar to the steady-state condition, it was found that the response with
time was also independent of variable test conditions throughout the duration. These conclusions
indicate that Q/H’ results are only a function of soil conditions and cavity dimensions, and that
they are not strongly influenced by other factors such as the controlled flow, hydraulic head, or
soil disturbance.
4.

Resistance to the percussion driving method used in this work was found to be

inconsistent with SPT results. Fundamental differences between the SPT and Permeafor probe
design and driving method likely caused the variance. The smaller hollow SPT probe displaces
less soil than the Permeafor, making driving easier. Additionally, the SPT is driven from the
bottom of a cased borehole and therefore there is no additional friction along the drive rods and
resistance is isolated to the two-foot drive interval. These factors result in greater Permeafor
driving resistance and variability. As the Permeafor is continuously driven, the driving resistance
of a single soil interval cannot be isolated and therefore its driving resistance cannot be used as a
conclusive indicator of soil density.
5.

An investigation of the relationship between infiltration rate, hydraulic conductivity, and

hydraulic gradient found that it can typically be assumed that the hydraulic gradient is equal to
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one. Therefore in most cases, the expected infiltration rate of a soil will be the same as the
hydraulic conductivity measured in the field with the Permeafor. This assumption is reasonable
provided that no confining layer or water table exists close enough below the infiltration surface
to interfere with the flow of water. If flow is affected by a confining layer or water table, the
steady-state hydraulic gradient may be significantly less than one and result in infiltration rates
inconsistent with hydraulic conductivity. A relationship derived by computer modelling has been
identified in this thesis as a viable option of estimating the hydraulic gradient in these conditions.
For both of these conditions, infiltration rate is governed by vertical hydraulic conductivity, and
therefore, the horizontally directed hydraulic conductivity found using the Permeafor may not be
directly representative. In these cases, soil anisotropy would need to be considered to determine
the vertical hydraulic conductivity.
6.

Based on these preliminary results at Merrimack and Ossipee, it can be concluded that

the Permeafor has outstanding potential to quickly and accurately measure hydraulic
conductivity in situ. This work has shown that the tool is based on a sound theoretical
background and can accurately represent field conditions. The Permeafor appears to be a viable
option of measuring hydraulic conductivity. Additionally, this work has shown that the tool
appears to be capable of making measurements similar to the borehole infiltration test. As
Permeafor measurements are made much more rapidly, 15 to 30 minutes compared to
approximately 5 hours, it is recommended that the Permeafor be use as a replacement.
6.3. Recommendations for Future Work
Based on the work presented in this thesis, the following recommendations for future Permeafor
testing and research are made as suggested improvements:
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1.

Conduct finite element analysis on the flow conditions during a Permeafor test in

saturated, unsaturated, and anisotropic soil to better understand the flow and effective head
responses in complex soil conditions as well as to determine how these conditions influence the
resulting measurement of hydraulic conductivity. This analysis could be used to verify or
improve the shape factors used to relate Q/H’ to hydraulic conductivity. A finite element study
could also possibly be used to further investigate and better explain the response of Q/H’ with
time. One factor to consider may be the change in hydraulic gradient as the wetting front extends
over time.
2.

Conduct Permeafor testing using a probe with a longer middle screen and compare results

to the current middle screen. Similar measurements of hydraulic conductivity using the two
configurations in the same soil would strongly indicate that the shape factor suggested in this
thesis is appropriate for the assumed flow conditions. Furthermore, as the length of the cavity
increases, equipotential lines will become increasingly elliptical in shape, and therefore, a greater
percentage of the flow will be established in the horizontal direction. It is likely that a greater
percentage of horizontal flow would better isolate hydraulic conductivity in the horizontal
direction.
3.

Better characterization and understanding of the typical responses of Q/H’ with time. A

defined relationship between Q/H’ and time may allow for a steady-state Q/H’ value to be
estimated using only the data needed to establish the relationship with time. This may require
less data and therefore shorten stationary test periods.
4.

Improve the usability of the tool. This would include, simplifying field assembly

requirements, incorporating more automated and intuitive controls during driving and testing,
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and improving data reduction capabilities to make the process more user-friendly and adapted to
commercial use.
5.

Conduct borehole infiltration testing using a piezometer to measure hydraulic head

instead of the current practice of measuring the water level in the borehole manually.
Instrumentation may allow for better estimations of hydraulic conductivity using this test.
Furthermore, better resolution of hydraulic conductivity with time may be useful in comparison
to similar responses of Q/H’ made using the Permeafor. Additionally, a greater number of
borehole infiltration tests should accompany Permeafor testing so that outliers can be identified
and comparisons to the Permeafor can be better assessed.

Additional field work using the Permeafor and other methods of measuring hydraulic
conductivity should be completed. Additional Permeafor test data would strengthen the
conclusions made in this thesis as well as enable the effective research of several of these
recommendations for future work.
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APPENDIX A: PERMEAFOR RESULTS AND ANALYSIS DATA
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